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My thesis work addresses fundamentals and applications of particle stabilized 
emulsions, also known as Pickering emulsions. Pickering emulsions play an important 
role in many applications such as food technology, oil recovery, surfactant-free cosmetics 
and skin care products, and more recently, they have become popular as precursors and 
templates for the assembly of novel materials, including microcapsules, micro-reactors, 
foams, and metal organic frameworks (MOFS). Compared to classical surfactants as 
emulsifiers, particles often achieve better emulsion stability, they can prevent undesired 
foaming, and do not cause the allergic reactions associated with certain surfactants used 
in skin care products. While the breadth of potential applications for Pickering emulsions 
keeps growing, our fundamental understanding of Pickering emulsions is still poor. It is 
currently impossible, for instance, to predict whether particles of a given type will be 
effective in stabilizing emulsions of a given oil and water phase, even when all material 
parameters are known; in fact, it is not even possible to reliably predict whether mixing 
of equal amounts of oil and water in the presence of the particles will lead to the 
formation of oil droplets in water or water droplets in oil.  
It has been established beyond doubt, however, that emulsion stabilization relies 
on the adsorption of particles at the oil-water interface, and that the contact angle 
between this interface and the particle surface plays an important role both for the type of 
emulsion formed and for the emulsion stability that can be achieved. An obvious 
shortcoming of the existing models for this all-important contact angle is that they do not 
account for the influence of electric particle charge, even though particle charging is 
 xvii
almost unavoidable in aqueous systems. Therefore, the primary objective of this thesis 
was to gain insights into the effect of particle charge on the particle adsorption and the 
particle contact angle, and to investigate the ensuing consequences for the stability of 
Pickering emulsions. In a separate, more application oriented part of this thesis work, I 
have explored the use of double emulsions, in which both liquid interfaces are stabilized 
by colloidal particles, as precursors for controlled release microcapsules, and investigated 
novel design strategies for liquid core microcapsules with two solid shells of a composite 
material.   
In the fundamental part of this thesis work, emulsification experiments were 
carried out with particles of systematically varied surface charge and at varied 
concentration of charge screening salt ions. It was found that depending on their charging 
state the same particles could stabilize either oil-in-water emulsions, or water-in-oil 
emulsions, or fail to provide any noticeable stabilization against phase separation after 
mixing. Studies of particle adsorption to a macroscopic oil-water interface revealed that a 
complete failure to stabilize emulsions, observed for highly charged and weakly screened 
particles of either sign of charge, directly correlates with a failure of the particles to 
adsorb to the liquid interface. A simple theoretical model calculation for the forces 
driving and hindering particle adsorption under conditions of turbulent mixing showed 
that the so-called image forces acting on the particle charge near the dielectric 
discontinuity of the oil-water interface can give rise to an insurmountable barrier to 
particle adsorption. While the presence of image charge interaction is not surprising from 
a theoretical standpoint, the potentially critical impact on short-term emulsion stability 
had not been recognized before. 
 xviii
For the conditions in which particle adsorption to the liquid interface does occur, 
it was found that the equilibrium contact angle with the liquid interface can differ 
dramatically from the contact angle accessible via macroscopic measurements using a flat 
proxy substrate representing the particle surface. An improved protocol for the widely 
used “gel-trapping method” for determining the actual particle contact angle was 
developed in this study. The improved experimental approach, which avoids significant 
preparative artifacts, showed that charged polymer microparticles can assume contact 
angles identifying them as “hydrophilic” even though macroscopic measurements would 
suggest “hydrophobic” wetting behavior, and they reveal a systematic dependence of the 
contact angle on the particle size. We hypothesized that this size dependent “hydrophilic 
shift” of charged particles in an oil-water interface is due to a position dependent free 
energy contribution from the electric field set up by the charged interfacial particle and its 
counterions in the aqueous phase. Treating this field as a simple dipole field in the 
leading order approximation and treating the water phase as a perfect conductor 
compared to the nonpolar oil, we found that the field contribution to the particle free 
energy can qualitatively explain the hydrophilic shift as well as its particle size 
dependence – provided that some particle charges are assumed to exist on the particle-oil 
interface (a somewhat controversial assumption). 
In the application oriented part of this thesis work, we have fabricated 
microcapsules from double Pickering emulsions and demonstrated that the combined use 
of hard silica particles and pH-responsive dissoluble polymer particles at the emulsion 
interface imparts a combination of pH-responsiveness (stimulated pore opening) and 
structural integrity to resulting capsules. We have further demonstrated the first double 
 xix
Pickering emulsion templated capsules in which interfacial polymerization was carried 
out at both emulsion interfaces, yielding a capsule with two composite shells, composed 
of polyurethane and silica particles, and characterized the transport of a model cargo 








 An emulsion is a mixture of two normally immiscible liquids, typically oil and 
water, formed when an energy input is provided through shaking, stirring, homogenizing 
or power ultrasound1. The emulsions contain a dispersed droplet phase within a 
continuous phase, with a liquid-liquid interface formed by the droplet surfaces. In order 
to minimize the interfacial free energy, the emulsion droplets tend to coalesce over time, 
thus reducing the interfacial area of two phases, until complete phase separation is 
achieved. This process can be slowed down dramatically, however, in the presence of 
emulsion stabilizers: commonly speaking, surfactants or colloidal particles. They both 
introduce a kinetic barrier to coalescence and stabilize the large interface of the emulsion 
state through lowering the interfacial free energy, but in a different way. The free energy 
of liquid-liquid interfaces can be expressed as: 
 
  	 , 
 
where , 	 	  represent free energy, interfacial tension and interfacial area 
of liquid-liquid interfaces respectively. The adsorption of surfactants to interfaces induces 
a decrease of the interfacial tension	  and therefore lowers the free energy of liquid-
liquid interfaces. In contrast, the adsorbed particles as emulsifiers lower the interfacial 
free energy primarily by reducing the interfacial area 	between two phases. 
Eq.1-1 
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Compared to surfactants as emulsifiers, particles often achieve better emulsion stability, 
reduce undesired foaming, and avoid the risk of allergic responses to certain surfactants 
commonly used as emulsion stabilizers in skin care products2. 
 
 
Figure 1.1 Scheme for emulsion droplets stabilized by adsorption of surfactants (left) and particles 
(right) 
 
1.1.1 Emulsion type 
 Whether mixing of oil and water will result in an “oil-in-water” emulsion or 
“water-in-oil” emulsion depends on the volume ratio of the oil and water phases and on 
the type of emulsifier used. For an equal mixture of two phases, the Bancroft rule 
generally applies and states “the phase in which an emulsifier is more soluble constitutes 
the continuous phase”3. For surfactant-stabilized emulsions, consistently with the 
Bancroft rule, more oil-soluble surfactants tend to stabilize water-in-oil emulsions, and 
more water-soluble surfactants tend to stabilized oil-in-water emulsions. The so-called 
Hydrophilic-Lipophilic Balance (HLB) value is the parameter most commonly used to 
determining whether for practical purposes a surfactant or surfactant mixture may be 
 3
considered more lipophilic or more hydrophilic. HLB values can be estimated based on 
calculating the mass ratio of hydrophilic part over the total mass of surfactant molecules, 
as first proposed by Griffin4. The method produces values on a scale from 0, as the 
lipophilic extreme, to 20, for the most hydrophilic surfactants.  
 For particle-stabilized emulsions, the type of emulsion depends on the particle 
wettability, as quantified by measuring the three phase contact angle. The Bancroft rule 
can be interpreted as saying that hydrophilic particles – those with a contact angle smaller 
than 90° measured through the water phase – prefer to stabilize oil-in-water emulsions, 
whereas particles with a contact angle greater than 90° are lipophilic or hydrophobic and 
tend to stabilize water-in-oil emulsions5. The type of emulsion formed upon mixing of 
equal volumes of oil and water phase follow the Bancroft rule and can be thought as the 
“preferred” emulsion type; it is the only emulsion type with the potential for long term 
stability. The type of emulsion can be altered by changing the volume ratio of the two 
phases. Increasing the volume of the dispersed phase dramatically over the continuous 
phase will lead to so-called “catastrophic phase inversion”6,7 and into the “non-preferred” 
emulsion type, but such anti-Bancroft rule emulsions are unstable against coalescence8.  
 
1.1.2 Double emulsions 
 Double emulsions are emulsion systems where the dispersed phase of the outer 
emulsion also serves as a continuous phase for the inner emulsion. Double emulsions are 
practically helpful to achieve a system which requires the inner emulsion droplets to have 
the same composition as the external phase, for example, a controlled release system 
calling for a release of aqueous actives into an aqueous environment.  
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 Two types of emulsifiers are often required to prepare double emulsions, a more 
hydrophobic one stabilizing water in-oil-emulsions and a more hydrophilic one 
stabilizing oil-in-water emulsions. Double emulsions with surfactants have been 
successfully achieved in several previous studies, but one key problem of surfactant-
based double emulsions is their relative instability, as these double emulsion often evolve 
into single emulsions over time as a result of coalescence8,9. An effective way to produce 
stable double emulsions is to use particles as stabilizers. Binks et al.10 patented a method 
of preparing double emulsions with two types of silica particles which have different 
wettability via surface modifications. Producing double emulsions via combining both 
particles and surfactants is also reported11. Double emulsions produced via bulk 
emulsification are usually very polydisperse, and microfluidic emulsification is therefore 
employed to produce monodisperse double emulsions. Researchers from David 
Weitz’12,13,14,15,16 group at Harvard published several papers about producing 
monodisperse double emulsions for various applications via microfluidic emulsification.  
 One new emerging application of double emulsion droplets is their use as 
templates for microcapsules, which offers benefits in controlling shell thickness or 
dispersing microcapsules in the target phase with higher encapsulation efficiency than 
other alternative techniques that rely on diffusive loading.17  
 
1.2 Pickering emulsions 
 Particle-stabilized emulsions are also called “Pickering emulsions” after S.U 
Pickering who presented a first systematic study on emulsions stabilized by adsorbed 
particles in 190718, although this phenomenon had already been reported by Ramsden in 
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190319. Their studies demonstrated that solid particles can adsorb to oil-water interfaces 
and prevent droplet coalescence and thus stabilize emulsions. They also showed that 
particles can yield better emulsion stability compared to surfactant based emulsions. 
Despite these advantages of particles over surfactants as emulsifiers, research in 
Pickering emulsions stalled for a long period after their first disclosure. Only recently, 
research interest in Pickering emulsions has been rekindled along with considerable 
scientific and technical advances. Pickering emulsions have so far been used widely in 
many industrial applications such as food technology9,20, cosmetic products, oil 
recovery21,22, and more recently, in drug delivery23,24. 
 
1.2.1 Particle as emulsifiers 
 The effectiveness of particles in stabilizing emulsions depends on their size, 
shape, wettability, pH, and electrolyte concentration. To obtain effective stabilization, the 
particle size should be at least one order of magnitude smaller than the droplets to make 
particle locate properly around the droplets25. The reported size of particles that 
successfully stabilize emulsions ranges from nanometers26 to micrometers27. There is also 
a strong dependence of emulsion stability on the particle shape. Shape induced capillary 
forces between interfacially adsorbed particles and packing effects28 lead to a trend of 
increasing emulsion stability with increasing aspect ratio of the particles. Particle 
wettability, quantified by measuring the three phase contact angle, is another crucial 
parameter to the emulsion stability. A good particle emulsifier should be able to wet both 
phases. Kaptay29 suggests the optimum contact angle for the stabilization of Pickering 
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emulsions is around 70° for oil-in-water emulsions, and around 110° for water-in-oil 
emulsions.  
 Many types of particles, inorganic or organic, have been reported as Pickering 
emulsifiers. Examples are inorganic silica30, calcium carbonate31,32, clays33, gold34 and 
carbon black particles35, organic latex26,36, starch37, hydrogels38 and copolymer 
particles39. Some non-traditional particles are also used as Pickering emulsifiers, such as 
proteins40,41, bacteria42 and spore43 particles. Functional emulsions are achieved by using 
specific particles according to customizable requirements, for example, poly(methyl 
methacrylate-co-ethyl acrylate) particles can add pH-responsive properties to emulsions, 
and poly(N-isopropylacrylamide)44 particles can give temperature-sensitive properties to 
emulsions. In general, fundamentals of Pickering emulsions with inorganic particles have 
been extensively studied and are well understood, but many fundamentals of Pickering 
emulsions with polymeric particles are still less well understood. Especially, particles 
often carry electric surface charge in aqueous solution, and the role of charge on the 
stability of Pickering emulsions is not well understood and will be investigated in this 
work. 
 
1.2.2 Pickering emulsion stabilization mechanism 
 Emulsions can be stabilized thermodynamically or kinetically. The 
thermodynamically stable emulsions, called “micro-emulsions”, form spontaneously 
without any external energy inputs. Micro-emulsions are formed when oil-water 
interfacial tensions are sufficiently reduced by adding high concentrations of 
surfactants45. Thermodynamically stable Pickering emulsions have also been reported 
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recently under specific conditions which require very low oil-water interfacial tensions, 
adsorbed amphiphilic ions and specific type of colloidal particles46,47. 
 
 
Figure 1.2 Scheme of various breakdown processes in emulsions48 
  
 With the exception of these special cases, Pickering emulsions are 
thermodynamically unstable and are only kinetically stabilized. To understand the 
stabilization mechanism in Pickering emulsions, we need first know how emulsion 
destabilization occurs. In general, the destabilization of emulsions can involve several 
mechanisms illustrated in Fig. 1.248. The creaming and sedimentation result from gravity 
effects caused by the density difference between the dispersed phase and the continuous 
phase. Flocculation occurs when there is not sufficient repulsion to keep the emulsion 
droplets apart and the van der Waals attraction force dominates the interaction. The above 
two processes bring the emulsion droplets together, but coalescence and Ostwald ripening 
ultimately lead to phase separation. Coalescence is the process beginning with the 
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thinning and rupture of the liquid film between two droplets, and ending with the fusion 
of the droplets into a larger one. Ostwald ripening is caused by the finite solubility of 
dispersed phase in the continuous phase. In emulsions, which are usually polydisperse, 
the smaller droplets exhibit a greater solubility than larger droplets due to curvature 
effects. Over time, the smaller droplets disappear and the larger droplets expand as 
molecules of smaller droplets diffuse into the surface of larger droplets. The Ostwald 
ripening will be suppressed when the dispersed phase has less solubility in the continuous 
phase. In our work, the used oil phase is hexadecane, a very non-polar oil with ultra-low 
solubility in water, and thus Ostwald ripening will not play an important role in the 
evolution towards phase separation. In a Pickering emulsion system, even for more 
water-soluble oils, particles can effectively prevent Ostwald ripening when particles are 
densely packed at the oil-water interface, which results in a very flat interstitial space 
with no curvature effects49.   
 
 




 Coalescence is therefore the only mechanism which leads to phase separation in 
our case. Based on the understanding of emulsion destabilization mechanisms, the 
Pickering emulsion stabilization process can be illustrated as shown in Fig. 1.3. Particles 
adsorb to the oil-water interface of the small emulsion droplets first generated by the 
mixing or homogenization process, and, for reasons discussed in more detail below, the 
particles can be considered strongly (irreversibly) bound to the interface. Droplets with 
incomplete particle coverage can coalescence as indicated in the center scheme of Fig. 
1.3. Since the coalescence of two droplets decreases their combined interfacial area, to 
which the adsorbed particles remain strongly bound, every coalescence event increases 
the particle concentration in the interface – until the coverage is so high that further 
coalescence would require particle desorption. At this point the strong binding of 
adsorbed particles to the droplet surface strongly suppresses further coalescence. 
Different factors contributing the stability of Pickering emulsions will be discussed in 
detail below. 
 
1.2.2.1 Electrostatic barrier to the particle adsorption 
 Particle adsorption is the first step for the Pickering emulsion stabilization. In our 
work, since particles are initially dispersed in the water phase, we will only consider the 




Figure 1.4 Adsorption of a particle from the water phase to the interface replaces the oil-water 
contact area with particle-oil contacts 
 
 When a particle moves from the water phase to the oil-water interface, the particle 
replaces the oil-water contact area with particle-oil contacts (Fig. 1.4), reducing the total 
interfacial free energy. The reduction of interfacial free energy is given by8:  
 
∆ 1 		 
 
where R is the particle radius; is the oil-water interfacial tension;	  is the three 
phase contact angle measured through the water phase. Such energy reduction can also be 
interpreted as an energy cost of detaching a particle, once at the interface, from the 
interface. For particles with the sizes above 10 nm, the typical adsorption energy ∆G is 
much larger than the thermal energy kT, and thus the adsorption of particles to oil-water 
interfaces is considered irreversible5, a behavior unlike surfactants, which are in a 
dynamic equilibrium of adsorption and desorption to interfaces on a very fast timescale. 
This is the reason why particle emulsifiers produce more stable emulsions than surfactant 
emulsifiers. From Eq. 1-2, we can tell that the detachment energy depends on the contact 
Eq. 1-2 
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angle and exhibits a maximum at the contact angle of 90°. Accordingly, a particle with a 
contact angle close to 90° achieves high detachment energy and benefits the emulsion 
stability, which motivates researchers to prepare amphiphilic particles, also known as 
‘Janus’ particles, defined originally as particles with equal parts of hydrophilic and 
hydrophobic surface. The theoretical prediction of the increased detachment energy for 
‘Janus’ particles is supported by experimental evidence. Binks et al.50 reported that the 
detachment energy increased significantly wtih increasing amphiphilicity of the particle 
and produced a maximum three-fold increase for contact angles around 90°, as compared 
to homogeneous particles. Recently, theoretical calculations indicated that Janus particles 
can generate thermodynamically stable Pickering emulsions51.  
 Though the adsorption energy favors to locate the particle at the interface,  
particle adsorption to the interface should not be taken for granted. The oil-water 
interface is generally considered negatively charged due to the preferential adsorption of 
hydroxide ions52, although this explanation remains controversial53,54.  
 
 
Figure 1.5 Scheme for a adsorption barrier to a negatively charge particle created by a negatively 
charged interface  
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 At low electrolyte concentrations, significant electrostatic repulsion appears when 
a negatively charged particle approaches the oil-water interface that is also negatively 
charged (Fig. 1.5). Such repulsion can create an energy barrier preventing particle 
adsorption to the interface, and prevent the formation of emulsions. For example, K. 
Golemanov et al.55 found that sulfate polystyrene particles could not stabilize emulsions 
at low electrolyte concentrations and assumed that the failure to form emulsions was 
caused by the electrical repulsion by the negatively-charged interface. Danov et al.56 also 
discussed the electrical repulsion barrier that can prevent the particle from adsorbing even 
when the adsorption energy is favorable.  
 
1.2.2.2 Maximum capillary pressure of coalescence 
 If particles can overcome the electrostatic barrier and adsorb to the oil-water 
interface, they start to limit the coalescence, and the coalescence stability of sparsely 








 The meniscus curvature between two particles results in a pressure difference 
(Laplace pressure) between the emulsion droplets (P1) and the inter-film fluid (P2), and 
this pressure difference is known as the capillary pressure (Fig. 1.6). As the capillary 
pressure increases, the meniscus profile continues to curve, and the separation h of the 
thin film will decrease. The highest pressure that the film separating the two droplets can 
withstand without rupturing, the so-called maximum capillary pressure Pc,max, is 
reached just before the interfaces are deformed to the point of making contact; once the 
interfaces contact, the film ruptures and the droplets coalesce. A higher Pc,max indicates 
a higher film stability to resist coalescence and also a better emulsion stability. The 
expressions for Pc,max were first discussed by Ivanov and his coworkers57, and then 
developed further by others including Kruglyakov58 and Kaptay29. According to the most 






Here, the sign is positive for oil-in-water (o/w) emulsions and negative for water-in-oil 
emulsions (w/o); P is a theoretical packing parameter, associated with the structure 
configuration of the particle layer;  is the oil-water interfacial tension;  is the 
contact angle and R is the particle radius. The equation first implies that Pc,max is 
inversely proportional to particle size, indicating smaller particles give better coalescence 
stability as a result of their higher packing efficiency. We also notice that Pc,max 
suggests highest emulsion stability at the contact angle of 0° in the case of o/w emulsions 
and 180° in the case of w/o emulsions. It makes sense here that the more the particles 
Eq. 1-3 
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reside in the film, the better the film resists coalescence, but this is an opposing 
implication to what the detachment energy suggests: for any given particle size the 
maximum detachment energy favoring the emulsion stability corresponds a contact angle 
of 90°. Kaptay29 looked at the combined effects of the detachment energy and the 
capillary pressure, and concluded the optimum contact angle for stabilization by a particle 
monolayer was 70° for o/w emulsions and 110° for w/o emulsions (Fig. 1.7).   
 
 
Figure 1.7 Probability of emulsion stabilization by a particle monolayer as a function of contact angle 
via combining effects of the detachment energy and the maximum capillary pressure of coalescence29. 
 
 The current theoretical models of maximum capillary pressure have their 
limitations, and predict maximum pressures that are one order of magnitude of larger than 
the experimentally determined ones. One important reason for this discrepancy is due to 
the idealized assumption of homogeneous particle layers in all models. In fact, some 
flocculated or incomplete structures of particle layers might result in some “weak area” 
with low maximum capillary pressure of coalescence in the absence of particle coverage. 
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The actual packing structure of particle layers at interfaces will be most affected by 
particle-particle interactions. 
 
1.2.2.3 Particle-particle interactions at interfaces 
 When particles adsorb to the interface, their movements in the normal direction is 
greatly confined by their high adsorption energy. They are more likely to move laterally, 
and the final packing structure is determined by the balance of all the particle-particle 
interactions. The double layer repulsion, dipole-dipole repulsion, van der Waals attraction 
and capillary attraction are the most important particle-particle interactions at interfaces. 
When particles reside at oil-water interfaces, their double layer repulsion through the 
water phase is considered the most important repulsive force at short particle 
separations5,59. The dipole-dipole repulsion becomes especially significant in systems 
where particles contain ionizable surface groups and the oil has a low dielectric 
constant60,61. The dipole perpendicular to the interface is created by the asymmetric 
distribution of particle charges with respect to the interface62,63. The long range dipole-
dipole repulsion acts mainly through the oil phase, and together with the short range 
double layer repulsion force in the water phase, keeps the interfacial particle apart. The 
van der Waals force and the capillary force are two well-known attractive forces for 
particles at oil water interfaces. The van der Waals force plays an important role both for 
particles in the bulk and at the interface, whereas the capillary force is unique to particles 
at the interface. When particles reside at the interface, the balance of normal stresses on 
the interface, due to the osmotic pressure of the particle’s counterions and due to the 
electric force on the particle itself caused by the permittivity gradient, results in a 
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deformation of the interface that sets up the capillary attraction between the particles. 
This electrostatically induced capillary interaction has been proposed as the source for an 
experimentally observed long-range attraction64, but some controversy over its exact 
range and magnitude persists65,66,67,68,69. 
 
1.2.3 Pickering emulsion type 
1.2.3.1 Particle wettability and emulsion type 
Particle wettability, quantified by measuring the contact angle, is important not 
only for the particle adsorption and capillary coalescence with respect to the stabilization 
of Pickering emulsions as discussed above, but is also the most important parameter 
governing the emulsion type. In accordance with Bancroft’s rule, a widely accept view 
suggests that particles with a contact angle less than 90°, defined as hydrophilic, prefer to 
stabilize oil in water emulsions, whereas particles with a contact angle above 90°, defined 
as hydrophobic, prefer to stabilize water in oil emulsions (Fig. 1.8). Here, the “preferred 
emulsion type” means the emulsion type tending to form under equal mixing of oil and 
water phases. Otherwise, if the two liquid phases are not mixed at 1:1 ratio, increasing the 
volume of the disperse phase well above the continuous phase will lead to “catastrophic” 
phase inversion6,7, but the resulting emulsions of the “non-preferred type” tend to be 
unstable against coalescence and show poor long term stability. For the equal volume 
mixing of liquid phases, an exceptional case was reported by Yan and Masliyah70. The 
authors varied the contact angle of clay particles by controlling the amount of asphaltene 
adsorption on the particles; they found that modified clay particles with macroscopically 
measured contact angles greater than 90⁰ stabilized o/w emulsions. They did not discuss 
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any explanation. Our preliminary work also reported the fact that o/w emulsions can be 
stabilized by charged latex particles with macroscopically measured contact angles 
greater than 90⁰, and we hypothesized that this can be explained by a shift of the particle 
contact angle to lower values caused by the particle-counterion dipole field when the 
particles reside at oil water interfaces. Detailed discussions are provided in chapter 4. 
 
 
Figure 1.8 Scheme for the relation between the particle contact angle and the emulsion type 
 
The particle wettability can be altered by surface modification. For example, 
silica particles are intrinsically hydrophilic, and they can be altered to be hydrophobic via 
grafting of silane groups to their surfaces, where the silanes react with the silanol groups 
and form Si-O-Si bonds. Alkylchlorosilanes, alkoxysilanes, or alkylaminosilanes are 
commonly used chemical agents for the surface modification71. The particle wettability 
also depends on their surface charge. Altering the surface charge via changing the pH72 or 
ionic strength73,74 will change the particle wettability and thus the emulsion type. The 
effect of surface charge on the particle wettability can be indirectly indicated via 
observing the emulsion type, but the quantitative evaluation of the charge effects on the 
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particle wettability will depend on the accurate measurements of the three-phase contact 
angle of particles at the oil water interfaces. 
 
1.2.3.2 Particle contact angle measurements 
 Several experimental methods have been developed to measure the contact angle 
of particles at liquid-liquid interfaces. Measuring the three-phase contact angle of a liquid 
interface with a macroscopic solid surface, coated with a homogeneous layer cast from a 
solution of dissolved particles in a solvent, is one well-known approach to estimate the 
three-phase contact angle of particles at interfaces75, but it can be objected that there is no 
experimental evidence demonstrating that the created macroscopic proxy surface and the 
particle surface that it represents indeed have identical surface chemistry. The so-called 
gel trapping technique (GTT)76,77,78 is another well-known method for measuring the 
particles’ three-phase contact angle at interfaces. In this method, particles are introduced 
to the interface via a spreading solvent, typically isopropyl alcohol (IPA); next the water 
phase is solidified with a non-adsorbing gelling agent. Then, the oil phase is removed and 
replaced by polydimethylsiloxane (PDMS), which is subsequently cross-linked to 
produce a solid polymeric replica of the oil-water interface with the embedded particles. 
In the final step, the position of particles trapped in the PDMS replica, are examined by 
SEM or AFM to obtain the particle contact angle. A central argument against GTT is its 
use of IPA as spreading solvent, and a few recent studies have indicated the IPA renders 
particles more hydrophobic79,80. A “film-calliper”81,82 method allows dynamic 
measurements of the contact angle of particles at interfaces. A few hydrophilic particles 
are trapped in a thin and slightly concave water film, supported inside a bulk oil phase by 
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a hoop-shaped frame. If the minimum film thickness is well below the particle size, 
capillary forces naturally transport the particles to a location along the film where they 
can bridge the film and intersect both interfaces at the equilibrium contact angle without 
deforming the interfaces. If the particle size is known, the contact angle can be inferred 
from the film thickness at the particle location, which in turn can be determined 
interferometrically. However, this method is only applicable to contact angle 
measurements on hydrophilic particles, because hydrophobic particles cannot form stable 
bridges in the water film. Measuring the contact angle via digital holographic 
microscopy83 has been reported recently, where the contact angle is determined by 
measuring the particle’s position at the interface with 2 nm precision. The particle is 
forced to the interface with a laser trap, and the position of the particle at the decane-
water interface is reconstructed from a hologram created by interference of scattered light 
from the particle and a reference beam. However, 45% glycerol is added to the water 
phase to match the refractive index of decane, and the effect of added glycerol on the 
contact angle is not mentioned and remains unknown. Another recently reported method 
is freeze-fracture shadow-casting cryo-scanning electron microscopy (FreSca cryo-
SEM)80, capable of measuring the contact angle of particles as small as 10 nm in 
diameter. When a particle-loaded interface is created, both the oil phase and the water 
phase are shock-frozen into a glassy solid at a cooling rate of 30000 K/s, and therefore 
particles at the interface are immobilized. The interface preferably fractured at the 
interface, and the frozen oil phase is removed. The particle height protruding out of the 
frozen water phase is calculated based on measuring the length and angle of a particle 
“shadow” created by unidirectional metal deposition from a tilt angle.  This method has 
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several advantages to other techniques, such as no additives, no limitations in the sign of 
particle charge or  wettability, and low size measuring thresholds, but it requires 
expensive instruments and sophisticated protocols.   
 
1.3 Microencapsulation 
 Microencapsulation is a process by which targeted “cargos” are enclosed in a 
microscopic capsule that protects the cargos from the surrounding environment until the 
delivery conditions are achieved. Research interest in microencapsulation has been 
renewed due to their many potential applications such as drug delivery systems, 
microreactors, catalyst supports, toxic indication and energy sensing materials84. So far, 
diverse micro- or nanocapsules have been successfully developed on the lab scale, and 
some of them have realized commercialization. However, there are still many obstacles to 
practical applications such as instabilities in large scale productions, complicated multi-
step fabrication procedures, cost and environmental restrictions. Ideal capsules will 
embody improvements in methods and materials along with goals for target applications. 
 
1.3.1 Fabrication of microcapsules 
 To date, several methods have been developed to generate microcapsules. Here, 
we generally classified them into two categories: the solid-core template methods and the 
emulsion template methods. The popular layer by layer (LbL) assembly approach is a 
typical hard-core template method and was first developed by Decher and his 
coworkers85. Microcapsules based on LbL are formed via an alternate adsorption of two 
types of polymers or particles to the surface of a sacrificial template particle and 
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subsequent removal (dissolution) of the template particle. The binding between layers in 
the LbL deposition can be due to electrostatic interaction, hydrogen bonding, and 
covalent bonding. Diverse colloidal particles can be used as the hard-core templates in 
LbL processes such as CaCO3
86,87, MnCO3
88, silica89,90, magnetic 91and polymeric 
particles92,93. The inner core particles can be removed by appropriate solvents. For 
example, the CaCO3 particle can be removed by a strong acid typically, or more recently, 
by less harsh EDTA94, and the polystyrene particles can be removed by exposing 
capsules to THF95. The hard-core templated approach can generate capsules with good 
monodispersity, but the inner core needs to be removed afterwards, and then the active 
compounds are loaded by diffusion, which is a time-consuming process with low 
efficiency. By contrast, the emulsion-templated approaches can assemble capsules and 
load the “cargo” simultaneously. The emulsion droplets are stabilized by either 
surfactants or particles, and the microcapsule shell forms at the oil-water interface of 
emulsion droplets via the interfacial polymerization96, coacervation97, phase separation98, 
or polymer precipitation99. Among these methods, interfacial polymerization is most 
commonly used method because of its simplicity and versatility. Various types of 
interfacial polymerization including polyaddition96, polycondensation100, radical101 and 
anionic polymerization102 have been reported to produce emulsion based microcapsules. 
The stability of emulsion droplets is very important in the process of preparing 
microcapsules. In this regard, Pickering emulsions are attractive templates to prepare 





1.3.2 Colloidosomes  
 The general definition of a colloidosome is a semi-permeable microcapsule whose 
external shell is formed by colloidal particles. Colloidosomes were first reported by 
Velev103 in 1996, who studied self-assembly of latex particles at a surface of octanol in 
water emulsion droplets, followed up by adding HCL and CaCl2 as coagulants to lock the 
particle together. Similar structures have also been obtained by water-in-oil emulsions104. 
The term “colloidosome” was first introduced by Dinsmore et al.105, who produced 
colloidosomes by assembly of colloidal particles at the surface of water-in-oil emulsion 
droplets and a subsequent sintering fusion of the particles into a solid shell. Noble et al.106 
fabricated hairy colloidosomes consisted of aqueous gel core and shells made of 
polymeric micro-rod particles. Yow et al.107 created colloidosomes with polystyrene 
particles based on Pickering emulsions, and controlled the permeability by changing the 
size of the inter-particle pores by tuning the temperature and time of sintering. Ao et al.99 
fabricated colloidosomes based on oil-in-water emulsions stabilized with polystyrene 
latex particles. The oil phase was made of octanol, ethyl acetate (EA) and poly(lactic-co-
glycolic acid) (PLGA). When the o/w emulsion was diluted with a large amount of water, 
EA was extracted to the outer aqueous phase. As a result, the EA soluble but octanol 
insoluble PLGA underwent an outward transport and precipitated within the particle shell 
as a reinforcing agent. In addition to single emulsions, double emulsion templated 
colloidosomes have also been reported. Maeda et al.108 obtained composite colloidosomes 
from double Pickering emulsions. Lee et al.12,14 published several papers on achieving 
monodisperse double emulsion templated colloidosomes via the microfluidic technology. 
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Sander and Studart17 assembled monodisperse colloidosomes with a wide range of 
particles via double emulsions in a microfluidic device.  
 Colloidosomes represent a promising technique for encapsulations with general 
advantages such as controllable size, well-defined permeability, mechanical sturdiness 
and bio-compatibility105. The size of colloidosomes depends on the size of the emulsion 
template, which can be easily controlled by tuning the homogenization speed, 
concentration of particle emulsifiers, and volume ratio of the oil and water phases. 
Colloidosome shells can be very sturdy since their building blocks are rigid solid 
particles instead of soft polymers. Moreover, the permeability of colloidosome, which 
depends mainly on the pore size, can be tailored by controlling the size of the colloid 
particles109.  
 The main problem of colloidosomes is their incomplete surface coverage of 
colloidal particles, and such “defects” result in a leakage of inside cargos and thus low 
encapsulation efficiency110. Even with a complete coverage, the intersticial spaces 
between particles will cause a fast release of small molecules. Several techniques have 
been investigated to yield better surface coverage and encapsulation efficiency. 
Appropriate aggregation of particles by adding salt can yield dense coverage of particles 
in the shell of colloidosomes. Sintering111 is adopted to tailor the pore size between 
particles. Mostly, polymers are added to fill the inter-particle space, leading to particle-





1.3.3 Stimulus responsive microcapsules 
 Stimulus responsive microcapsules are of interest in drug delivery, fragrance 
release, antimicrobial release, nutrient preservation, sensors and self-healing materials. 
Many triggering stimuli, such as pH, temperature, UV, electrical field and magnetic field, 
can initiate changes in a capsule shell and results in the release of capsule cargos112. 
Microcapsules with pH induced release can be appealing for many biomedical 
applications. San Miguel et al.39 synthesized pH-responsive particles from Eudragit 
(copolymer of polymethyl methacrylate and polymethacrylic acid) polymers, and used 
these particles to stabilize double emulsions as templates to prepare pH-responsive 
microcapsules. Temperature responsive microcapsules can find useful applications in 
systems where changes in temperature occur naturally. For example, in agriculture 
applications, a change in soil temperature can initiate the delivery of nutrients113. 
PNIPAM114,44,115 is one of the most popular polymers reported to develop thermo-
responsive microcapsules. The PNIPAM polymer can contract upon increasing the 
temperature above their LCST, resulting in the pore formation in the capsule shell and 
release of inside contents. UV sensitive microcapsules are used in the cosmetic116 and 
agriculture industries where solar irradiation triggers the release. For example, Katagiri et 
al.117 developed polyelectrolyte microcapsules coated with SiO2 and TiO2 particles, and 
the microcapsules were UV responsive due to the UV adsorption of TiO2. Fomina et al. 
118reported UV responsive microcapsules based on self-immolative polymers containing 
a quinone-methide backone, and UV-cleavable nitrobenzyle alcohol groups as triggers. 
Magnetic responsive microcapsules are developed via embedding the magnetic 
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nanoparticles into the capsule shell, and the permeability of such capsule shells increases 
remarkably in the presence of an oscillating magnetic field119.  
 In this work, based on the previous knowledge in developing pH-responsive 
colloidosomes gained in our group, composite pH-responsive colloidosomes from double 
Pickering emulsions stabilized solely by colloid particles will be designed for sustained 
cargo release. Also, the low encapsulation efficiency of colloidosomes in encapsulating 
small molecules due to the inter particle core will be improved by adding a polymer 
“skin” to the capsule shell via interfacial polymerization. The generated composite 
microcapsules with hard particles embedded in their shell are expected to demonstrate an 
improved stiffness and resistance to deformation. 
 
1.4 Thesis motivations and objectives 
 The growing number of potential applications of Pickering emulsions has boosted 
both fundamental and applied studies on Pickering emulsions during the recent years. In 
the fundamental realm, Binks and his coworkers conducted numerous pioneering 
experimental studies for the factors that influence the stability of the Pickering emulsions, 
including the particle wettability, the size and concentrations of particles, oil type and 
electrolyte concentrations2,7,8,26,72,120,121. In addition to empirical studies, several 
theoretical models have been developed to describe the formation and stability of 
Pickering emulsions. Several recent reviews presented a good summary about 
fundamental studies of Pickering emulsions122,123,49,124. Despite considerable 
technological and scientific advances, our current fundamental understanding of 
Pickering emulsions still lags far behind that for classical, surfactant-stabilized 
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emulsions, and many important factors that might influence significantly the Pickering 
emulsion stability and the emulsion type still remain poorly understood. Such inadequate 
understanding will hamper the applications of Pickering emulsions. We are therefore 
motivated to add new insights into the fundamentals of Pickering emulsification, and 
specifically, we focus on understanding the effects of particle charge on the formation 
and stability of Pickering emulsions, and on the emulsion type.  The objectives of the 
fundamental research in this work are to: 
 Investigate widely neglected image charge effects on the particle adsorption to 
oil-water interfaces and on Pickering emulsification, and to include image charge 
effects in the theoretical description of particle adsorption to liquid interfaces 
during emulsification 
  Investigate effects of the dipole field on the contact angle of particles adsorbed at 
the interface, which is a crucial parameter not only for the stability of Pickering 
emulsions, but for the emulsion type.  
 Recent research interest in Pickering emulsions relates to their use as templates 
for novel materials, including microcapsules17, microreactors125, foams126 and MOFS127. 
Pickering emulsions are advantageous templates compared to surfactant stabilized 
emulsions because of their higher stability, reducing droplet breakup during the 
fabrication process. In the applied part of this work, the objective is to:  
 Develop pH-responsive composite microcapsules with sustained release profile 
from double Pickering emulsion stabilized solely by particles, and to tune the 
permeability of the microcapsules via interfacial polymerization to make them 
suitable for encapsulating small molecules.  
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1.5 Thesis outline 








Chapter 1 reviews the scientific backgrounds relevant to this thesis work, and underlined 
the motivation and objective of this work; 
 
Chapter 2 presents the experimental evidence of image charge effects on the particle 
adsorption associated with the formation of Pickering emulsions, including emulsification 
experiments and macroscopic observations of the particle adsorption to interfaces. 
 
Chapter 3, closely related to chapter 2, models the particle adsorption to oil-water 
interfaces with image charge effects included, and compares the model prediction for the 
outcome of emulsification with the experimental results of chapter 2. 
 
Chapter 4 discusses the experimental evidence of dipole field effects on the particle 
contact angle by comparing the contact angle of charged polystyrene particles measured 
with the macroscopic proxy surface method and the Gel Trapping Technique. 
 
Chapter 5, closely related to chapter 4, models the free energy profile of the particle at the 
interface with the self-energy of dipole field included, to predict the equilibrium position 
of the particle at the interface, and calculate the particle contact angle; the model 
predicted contact angle is compared to the experimental one in chapter 4.    
 
Chapter 6 applies the obtained insights from the fundamental study to design pH-
responsive composite microcapsules with a sustained release profile from double 
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Pickering emulsions; tuning the permeability of the obtained microcapsule for small 
molecules via interfacial polymerization is demonstrated. 
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 CHAPTER 2 




 The formation of Pickering emulsions requires that the particles adsorb to the 
interface in the first place, but this adsorption should not be taken for granted. Current 
theory suggests there is an electrostatic barrier to particle adsorption, and this barrier is 
caused by the electric double layer repulsion between a charged particle and a charged 
oil-water interface. The electric charge of particles stems from dissociable surface groups 
and can vary in sign and magnitude. The oil-water interface is shown negatively charged 
above pH 2-3 by electrokinetic and electroacoustic experiments, and it is argued the 
charge originates from the preferential adsorption of hydroxide ions1,2,3,4, although this 
explanation remains controversial5,6,7.  
 
 
Figure 2.1 Electrical double layer force hinders a anionic particle adsorption (left), and a question is 
raised about whether a cationic particle can easily adsorb to the oil-water interface when the electric 
double layer force (right) is attractive. 
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 For a negatively charged oil-water interface, if the double layer repulsion is the 
only electrostatic barrier to prevent the particle adsorption and the formation of Pickering 
emulsions, one might expect that only anionic particles should be repelled from the 
oil−water interface and prevented from adsorbing and stabilizing Pickering emulsions. 
However, experiments in this chapter suggest some additional electrostatic barrier which 
can prevent cationic particle adsorption and emulsification, even when the electrical 
double layer force is attractive in this case. We propose this additional electrostatic 
barrier is caused by image charge effects.   
 
2.2 Materials and Methods 
2.2.1 Zeta potential measurements 
The zeta potential, associated with the double layer theory, is the electrostatic 
potential at the “slipping plane”, beyond which the ions are free to move relative to the 
surface. The zeta potential is a function of the surface charge and ionic strength, and 
plays an important role in governing the electrostatic interactions between two surfaces in 
colloidal systems8. Here, in order to study the particle-interface interactions in the context 
of the particle adsorption, the particle surface potential is an important parameter required 
to know. The zeta potential can be determined electrokinetically, by measuring 
electrophoresis, electro-osmosis, or streaming potentials9. In this work, the 
electrophoretic mobility at varied pH and ionic strength was measured by Laser Doppler 
Velocimetry using a Zetasizer Nano ZS90, and converted to the zeta potential according 
to O’Brien and White’s method10,11. HCl and NaOH were used to adjust pH, and NaCl 
was used to adjust ionic strength 1.9 μm carboxyl-polystyrene (PS) particles and 0.4 um 
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amdine-polystyrene (PS) particles were used in this chapter for their large and similar 
absolute value of maximum surface charge density (−197 mC/m2 and +192 mC/m2). Both 
particles, purchased from Life technologies Inc, were washed three times via a centrifuge 
before use. 
 
2.2.2 Macroscopic contact angle measurements 
 As discussed in Chapter 1, the particle wettability is important to both the 
emulsion stability and emulsion type of Pickering emulsions. Unlike inorganic particles 
which usually have unambiguous wettability, the charged polystyrene particles have a 
hydrophobic polystyrene bulk, but the charged functional groups on their surface bring 
uncertainties to the overall wettability. Here, a rough idea of the particle wettability in the 
emulsion system is obtained by measuring the three-phase contact angle of a macroscopic 
surface which mimicks the particle surface. 
 
 
Figure 2.2 Scheme for protocols of preparing macroscopic surface 
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 The macroscopic proxy surface was prepared by a stepwise protocol. Particles 
were transferred from the initial water dispersion to isopropanol by three-time solvent 
swap, and then particles were vacuum dried to remove isopropanol. The dried particles 
were dissolved in chloroform, and a thin film of the obtained solution was spin cast via a 
spincoater (Laurell WS-650MZ-23NPP) on a glass slide to create a macroscopic surface 
for the three-phase contact angle measurement. The three-phase contact angle was 
formed between the solid substrate and the liquid interface of a deposited water droplet 
and a surrounding oil phase. The three-phase contact angle was measured by the Rame-
hart Model 250 contact angle goniometer.  
 
2.2.3 Emulsification experiments 
 Emulsification experiments are central to our study in this chapter. Emulsification 
tests were prepared by mixing aqueous 1wt% dispersions of the same particles, used in 
zeta potential measurements, with an equal volume of hexadecane, using a rotor-stator 
homogenizer (IKA Ultra-Turrax T10) for 30s at 11000 rpm. The hexadecane (Sigma 
Aldrich) was purified to remove containments by passing it through a column of 
activated aluminium oxide (Acros Organics).  
 Depending on the pH and salt (NaCl) content of the dispersion, we obtained either 
an oil-in-water(o/w) emulsion, a water-in-oil (w/o) emulsion, or no emulsion at all, where 
complete phase separation occurred fast and appeared essentially unimpeded by the 
presence of the particles. In the cases where an emulsion was formed, creaming (o/w) or 
sedimentation (w/o) occurred over time and revealed the emulsion type, which can be 
better observed by adding Sudan III to dye the oil phase. The emulsion type was also 
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further confirmed by conductivity and drop tests. The conductivity of an emulsion is 
dominated by the conductivity of its continuous phase. If the emulsion is o/w, the outer 
phase is water and therefore shows a significant conductivity, whereas the outer oil phase 
in a w/o emulsion exhibits almost no conductivity. In the drop test, a drop of the emulsion 
was added to water. An o/w emulsion droplet can spread and disperse, whereas a w/o 
emulsion droplet cannot spread, but remains agglomerated as a lens on the water surface. 
 
2.2.4 Microscopy study of particle adsorption to a macroscopic oil-water interface 
 We have established a method to test whether particles readily adsorb to a 
(macroscopic) oil-water interface given an external driving force, or whether some 
repulsive interaction with the interface prevents them from making contact with it. First, 
the particles were strongly diluted 1000-fold with solutions of NaCl/HCl or NaCl/NaOH 
in heavy water (99.9 atom % deuterium oxide, Sigma Aldrich, density 1.107 g/ml) where 
they experienced a net upward buoyancy force comparable to their net downward 




Figure 2.3 Scheme of macroscopic observation of particle adsorption to an oil-water interface 
 
 
 These dilute dispersions were transferred to a glass container for observation on 
an inverted microscope, and capped with hexadecane to create a macroscopic interface. 
The particles were observed to slowly cream to the top of the polar phase and accumulate 
at the interface with the oil. Creaming was allowed to proceed overnight before images of 
the interface were taken. Then, the heavy water sub-phase was gently pumped out, and 
replaced by a solution of regular water with the same pH. Now the particles experienced 
a net gravitational force pointing downward and causing all non-adsorbed particles to 
slowly sediment to the bottom of the container and while adsorbed particles remained 
trapped in the interface by the much stronger interfacial tension force. Again, images of 
the interface were taken the next day. 
 
 2.2.5 Macroscopic observation of particle-interface interactions 
 This experiment is designed to obtain a direct and visual observation of particle-
interface interactions via collecting z-stack images using confocal fluorescence 
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microscopy (Zeiss LSM 510 VIS Confocal Microscope). The particle-interface 
interaction is expected to be observed in the form of a deformation of the oil-water 




Figure 2.4 Scheme of interface deformation due to repulsive particle-interface interactions 
 
 In this experiment, 5.09 µm Carboxyl-nile blue fluorescent polystyrene particles 
(Spherotech Inc.) were deposited on a glass slide modified with (3-Aminopropyl) 
triethoxysilane (APTES, Sigma Aldrich), and hexadecane as the oil phase was dyed with 
Nile red (Sigma Aldrich). The approach of the oil-water interface to the particle was 
finely controlled by pumping the water out and lowering the interface using a syringe 






2.3 Results and Discussions 
 2.3.1 Zeta potential of carboxyl-PS and amidine-PS particles as a function of pH 
and salt concentration 
 The results first confirm the expected sign and magnitude of particle charge, seen 
from Fig. 2.5. Since the two particles have very close maximum surface charge density, 
they have similar zeta potentials at a highly charged status but opposite sign.  
 
 
Figure 2.5 Zeta potential of carboxyl-PS (solid markers) and amidine-PS (open markers) particles as 
a function of pH and salt concentrations. 
 
 The data also show the expected qualitative pH dependence. The carboxyl-PS 
particles exhibit a high zeta potential at high pH because most of their carboxyl groups 
deprotonate at high pH, and therefore the surface becomes highly charged. Similarly, the 
amidine-PS particles have a high zeta potential at low pH when the surfaces become 
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highly charged as more amine groups protonate. The zeta potential decreases for both 
particles as the salt concentration increases, due to increased charge screening with 
increasing the salt concentration. At the highest salt content, particles aggregate in the 
course of the measurements, and thus, caution against a detailed interpretation of the 
associated results is warranted. The obtained zeta potential here will be used as data 
inputs for modeling particle-interface interactions in the next chapter. 
 
2.3.2 Particle wettability of carboxyl-PS and amidine-PS particles based on 
macroscopic contact angle measurements 
 The measured macroscopic contact angles using proxy surfaces for both particle 
types range from 132° to 142° over all pH and salt concentrations, indicating a 
hydrophobic surface. The results show that variations of pH and salt concentrations do 
not lead to a dramatic change of the macroscopic contact angle. A trend of decreasing 
contact angle with increasing pH for the PS−carboxyl surface is apparent, and there is an 
opposite trend for the PS−amidine surface, showing that an increase in the (absolute) 




                    
Figure 2.6 Macroscopic contact angles of carboxyl-PS (top) and amidine-PS particles (bottom) versus 
pH in 0.001M and 1M aqueous NaCl solutions. Data represent averages of four repeated 





 No systematic effect of salt concentration on the particle wettability is apparent 
from our observations of macroscopic contact angles. In the literature, the effect of salt 
concentrations on the surface wettability has so far remained controversial. For example, 
Sghaier et al.12 found the contact angle increased significantly with increasing the salt 
concentration for all hydrophilic surfaces, but the contact angle variations with salt 
concentrations were small for tested hydrophobic surfaces. However, Binks et al.13 
reported an increase of salt concentration made carboxyl-PS particles become more 
hydrophilic, as supported by an observed inversion of the emulsion type from w/o 
emulsions to o/w emulsion upon increasing the salt concentration. More studies 
concluded that carboxyl particles adsorbed at an air-water interface protruded further into 
the water phase and thus appeared more hydrophilic at higher salt concentration14,15,16. 
The macroscopic contact angles shown in Fig. 2.6 would be expected to give a rough idea 
of the particle wettability, but more research on determining the wettability of charged 
polystyrene particles at oil-water interfaces will be discussed in chapter 4. 
 
2.3.3 Experimental evidence for image charge effects on the particle adsorption to 
oil-water interfaces and Pickering emulsification 
2.3.3.1 Emulsification test at different pH and electrolyte concentrations 
 Depending on the pH and electrolyte concentrations of the aqueous phase, we 
observed three distinct outcomes: no emulsion, water-in-oil (w/o) emulsions and oil-in-
water (o/w) emulsions. All these results were recorded in the emulsion phase diagram in 




Figure 2.7 Appearances of examples of no emulsion, w/o emulsion and o/w emulsion (after 
sedimentation/creaming) with carboxyl-PS particles. The hexadecane used as the oil phase was dyed 
with Sudan III for easy observations of the emulsion type.  
  
 No emulsion was stabilized by either particle type at high particle charge (high 
pH for carboxyl-PS; low pH for amidine-PS) and low electrolyte concentration (low 
screening). In this “no emulsion” regime (Figure 2.8, solid square), we observed that 
droplets produced via homogenization underwent rapid coalescence, with no significant 
retardation by the presence of particles, until complete phase separation into an aqueous 
particle dispersion and a clear oil phase was achieved in a matter of seconds (Fig. 2.7). 
We take this complete failure of particles to stabilize any droplets as an indication that 
the particle adsorption at the oil-water interface is severely restricted. We may further 
infer from the data in Fig. 2.8 that the forces restricting particle adsorption are probably 
electrostatic in nature, since emulsions can form when we reduce the particle charge via 
decreasing the pH or enhance screening effects via increasing the electrolyte 





    
       
Figure 2.8 Phase diagram of emulsification of hexadecane with aqueous dispersions of carboxyl-PS 
(top) and amidine-PS (bottom) particles. The shaded area represents an emulsion regime with poor 





 One might wonder whether this suppression really stems from the repulsive 
electrostatic interactions with the interface, or from the interaction with particles already 
adsorbed at an interfacial concentration too low to prevent droplet coalescence. If it was 
the repulsion by adsorbed particles that prevented further adsorption, then coalescing 
emulsion droplets should nonetheless reach good coverage overtime and be stabilized 
eventually, as illustrated in Fig. 2.9. We therefore believe it is the electrostatic interaction 





Figure 2.9 Scheme of limited particle adsorption and droplet coalescence. Coalescence reduces the 




2.3.3.2 Microscopy study of particle – interface interactions 
 One might also argue, besides the failure of particle adsorption to the oil-water 
interface, there are other possible explanations for the failure of emulsions, for example, 
the particle are too hydrophilic to stabilize emulsions17. However, our microscopy study 
of particle adsorption to a macroscopic oil-water interface further confirms our notion 
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that failure of emulsification at high particle charge and week screening is due to a strong 
suppression of particle adsorption. In Fig. 2.10, images A and C show carboxyl-PS 
particles from our emulsification study, gathered at the hexadecane-D2O interfaces at 
conditions where particles are highly charged (pH 10), and either weakly screened (1 mM 
NaCl) or strongly screened (1 M NaCl). In the case of strong screening, the interfacial 
particles formed aggregates overnight, whereas the weakly screened particles remained 
dispersed. A more important difference became obvious, when the heavy water sub-phase 
was gently replaced (slowly and with great care to minimize disturbance of the interface) 
by a solution of regular water with the same pH. Now, the particles experienced a net 
gravitational force pointing downward, causing all non-adsorbed particles to slowly 
sediment to the bottom of the container, while adsorbed particles remained trapped at the 
interface by the much stronger interfacial tension force. After another day of rest, very 
few particles were found at the interface with the weakly screened interface( image B), 
whereas particles at the interface of the high salt system kept aggregating slowly without 
leaving the interface upon replacement of heavy water with water( image D). These 
observations confirm strong correlations between “failure of particle adsorption to oil-
water interfaces and “failure to emulsify”.  
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Figure 2.10 Images of carboxyl-PS particles at 1mM NaCl, pH 10, at a D2O-hexadecane interface 
before (A) and after (B) replacement of D2O by H2O (1mM NaCl, pH10), and the same particles, at 
1M NaCl, pH 10, at a D2O-hexadecane interface before (C) and after (D) replacement of D2O by H2O 
(1mM NaCl, pH 10)18. 
   
 Fig. 2.11 shows the image of a confocal macroscopic observation of particle-
interface interactions when the interface slowly descends to approach the 5.09 µm 
carboxyl-PS particles deposited on a glass surface. An interfacial deformation appeared 
when the interface was very close to the particle, but we cannot firmly conclude from this 
observation that the apparent deformation is “real” and due to repulsive particle-interface 




Figure 2.11 Image of a confocal macroscopic observation of particle-interface interactions when the 
interface slowly descends to approach the 5.09 um carboxyl-nile blue PS fluorescent particles. (The 
green zone is hexadecane dyed with nile red; the black zone is water; the orange zone is the particle).  
 
 We did not make additional efforts to justify this observation, since the above 
microscopy observation of particle adsorption to a macroscopic oil-water interface 
already confirms the existence of particle-interface interactions hindering particle 
adsorption to the oil water interface. For the negatively charged carboxyl particles, such 
repulsive particle-interface interactions are due to the electric double layer repulsion from 
the similarly charged oil-water interface1. If this was the only interaction preventing the 
formation of Pickering emulsions, then the positively charged amidine particles, which 
are attracted to the oil by the electric double layer force, should encounter no such 
difficulty. Our emulsification experiments suggest otherwise (Fig 2.8 bottom). While 
emulsions were formed at high salt content, there was again a regime at high and weekly 
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screened particle charge where no emulsion formed, suggesting the particle adsorption to 
the oil-water interface is strongly suppressed.  
 
2.3.3.3  Hypothesis of image charge effects on the particle adsorption 
We propose that the suppression of particle adsorption for positive charged 
particles is caused by the repulsion of particles from their electrostatic “image” charge on 
the oil side of the liquid interface.  
 
 
Figure 2.12 Scheme of electrostatic repulsions for positively charged particles from image charge 
across the oil-water interface 
 
It is well known that an electric charge near an interface between dielectric media 
of different permittivity sets up a polarization field in which the charge experiences a 
force pointing towards to the more polarizable medium 19. Near a large flat interface, the 
force on a charge q takes the same form as the electrostatic interaction with a second 
charge located in the position of a mirror image across the interface, carrying an “image 




Here, ɛ1 is the dielectric constant of the medium hosting the real charge, and ɛ2 is that of 
the charge-free medium. For a charge in water (ɛ1 = 78) facing a flat surface of 
hexadecane (ɛ2 = 2), the image charge has the same sign and almost the same magnitude 
as the real charge, and like the interaction between real charges, the charge-image 
interaction can be screened by salt ions. Similarly, a charged colloid particle near a low-
curvature oil-water interface is repelled by its image charge, and it is this repulsion that 
may result in the suppression of the particle adsorption. While theoretical studies have 
long hinted at the importance of image forces for the interaction of particles with small 
ions20 and even with liquid interfaces21, considerations of image forces in Pickering 
emulsions have so far focused only on the image charge attraction for particles in the oil 
phase22. To our best knowledge, the work presented in this chapter provides the first 




 The work in this chapter presented experimental evidence that the widely 
neglected image charge repulsion may hinder the particle adsorption and prevent the 
formation of Pickering emulsions even when the electric double layer interaction with the 
liquid interface is attractive.  However, one might ask: is this image repulsion strong 
enough to compete with all attraction forces and prevent particle adsorption? A 
theoretical model of the particle adsorption to oil-water interfaces in the next chapter 
Eq. 2-1 
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confirms that the repulsive image force has the right order of magnitude to successfully 
compete with other forces acting on the particles and to prevent the particle adsorption 
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CHAPTER 3 
A MODEL OF PARTICLE ADSORPTION TO OIL-WATER 
INTERFACES WITH IMAGE FORCE INCLUDED 
 
3.1 Introduction 
 We hypothesize, based on the experimental observations in the previous chapter, 
that the image repulsive force can be a cause for the electrostatic barrier hindering the 
adsorption of positively charged particles to oil-water interfaces. We are therefore 
motivated to quantitatively confirm that this image force is strong enough to impede the 
particle adsorption by theoretically modeling the particle adsorption to the oil-water 
interface. In the context of emulsification, particle adsorption under turbulent mixing is 
governed by the competition of the hydrodynamic mixing force pushing the particle 
toward the interface with the barrier force hindering particle adsorption, in contrast to the 
scenario of diffusive adsorption in a quiescent fluid, which involves thermal activation 
over an interaction energy barrier. To predict particle adsorption to oil-water interfaces, 
the hydrodynamic mixing force  has to be compared with the total interaction forces 
between the particle and the interface, written as the sum of the van der Waals 
force	 , the electric double layer force 	(repulsive for anionic particles while 
attractive for cationic particles), and the image force  which was newly considered 
in the previous chapter. We predict that the particle adsorption is suppressed if  
 
max	 + 	+ ) >         Eq. 3-1 
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 We will discuss the calculations of each force in detail below. Upon completion 
of these calculations, we are able to theoretically estimate whether particle adsorption and 
the formation of emulsions should be expected at given pH and salt concentrations, and 
will compare such theoretical predictions to the experimental results from chapter 2.  
 
3.2 Methods of force calculation 
3.2.1 Hydrodynamic mixing force  
 For a particle of radius  near a droplet of radius R	≫ ,	the hydrodynamic force 
under turbulent mixing pushing particle toward the oil-water interface can be estimated 
as1 
 
					 	 / /                              
 
Where  is the density of the continuous liquid and  is the rate of energy dissipation per 
unit mass. Here, 10 	kg/m  for water, 	  	 10 	J	Kg s   for a lab-scale rotor-
stator mixer, and  20	μm for an estimated droplet radius. We obtained 1	nN 
for the carboxyl particles and 64 pN for the smaller amidine particles. 
 
3.2.2 Particle-interface interaction force  
 The interaction of a single particle with an oil-water interface includes three 
components as discussed above: the van der Waals force	 , the electric double layer 
force 	and the image force	 . Approximating the oil-water interface as a planar 
Eq. 3-2 
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interface between two semi-infinite media, we calculated all three components of the 
interaction force using the Derjaguin approximation,2 
 
												 2                         
 
which relates the force F between two body with curved surfaces of curvature radii  
and  separated by a gap of width h, to the corresponding interaction energy per unit 
area between two parallel infinite plates at the same separation. Neglecting the curvature 
of the large interface against the particle curvature, we use  = a (the particle radius), 
and  = ∞ (infinite oil-water interface) for the van der Waals and electric double layer 
interaction, whereas  = a (the image charge radius) for the image force. The Derjaguin 
expression is expected to be a good approximation when the interaction range and the 
separation h of interest are much smaller than  and		 . This is certainly the case for 
the separations at which the force barrier to adsorption is found in our calculations. 
Details in calculating interactions of , 	 	 	 will be discussed as 
follows.  
 
3.2.2.1 Van der Waals interaction 









where  is a nonretarded Hamaker constant for particle-oil interactions across the 
water.   can be estimated from Lifshiftz theory using the mixing rule3 
 
          
 
where , , and  are the Hamaker constants of the symmetric interaction of  oil, 
water, and polystyrene across vacuum, and the value is given in table 3-14.  With all these 
values known, we obtained  of 3.2× 10 	J.  
 
Table 3-1 Values for Hamaker constants of  , , and  across vacuum 
 





3.2.2.2 Electric double layer interaction  
 The double layer interaction between the particle and the oil-water interface is 
evaluated using the superposition approximation, which evaluates the electric potential 
by adding the potentials of two non-interacting surfaces (from non-linear Poisson-
Boltzmann solutions), with “non-charge regulating” boundary conditions. For surfaces 
with the same sign of charge, the interaction energy is derived as 
 




whereas for surfaces with opposite signs of charge, 
 
	 , , 64                                          
 
and E(h) is the exponentially decaying function, 
 
	 	 tanh	 tanh	 exp	                                      
                                                                           
where n is the bulk electrolyte concentration,   is the thermal energy unit, and   is 
the Debye screening length.  is the particles’ electrostatic surface potential and 
 is the potential of the oil-water interface.  
 
Table 3-2 Surface potential values (in mV) used to theoretically predict the particle adsorption 
(carboxyl-PS) and the formation of emulsions at select pH and salt concentrations for which oil data 









	ψ  ψ  ψ  ψ  ψ  ψ  
pH	11	 -126 -100 -123.4     
pH	8.7	 -123 -90 -120.4     
pH	7.2	 -121 -70 -118.4     
pH	5.8	 -88 -60 -85.6 pH 6 -51 -30 -49 




Table 3-3 Surface potential values (in mV) used to theoretically predict the particle adsorption 
(amidine-PS) and the formation of emulsions for select pH and salt concentrations for which oil data 
were available in the literature citation. 
 
 To theoretically predict the particle adsorption and the formation of emulsions at 
the corresponding pH and salt concentrations to emulsification experiments, we need to 
know 	  of and  at these conditions. We use the measured zeta potential as an 
approximation for the particle surface potential	 , and we estimate the potential of the 
oil-water interface  from literature values of the experimental zeta potential of closely 
related pristine xylene-water interfaces. Xylene-water interfaces are expected to have 
very similar properties as alkane-water interfaces, but allow for much more accurate 
characterization because xylene becomes more water-soluble at slightly elevated 
temperature and can easily be precipitated into small drops at room temperature that 
remains sufficiently stable without surfactants to allow for high quality electrophoresis 
measurements. The zeta potential of particles at given pH and salt concentrations can be 
determined by interpolations of the experimental zeta potential shown in Fig. 2.5. 
However, our theoretically prediction is limited to pH and salt concentrations where 
experimental data of  are available. The available surface potential values used for 






	ψ  ψ  ψ  ψ  ψ  ψ  
pH	3	 120 -10 117     
pH	5	 86.4 -50 84 pH 6 78.4 -30 76 
pH	7.5	 74.6 -70 72.3     
pH	9	 58.5 -90 56.4     
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3.2.2.3 Image charge interaction 
 In analogy to the interaction of a point charge with its charge image, we compute 
the interaction of the charged particle like a double layer interaction with an image 
particle at separation distance 2h, using the same approximations as previously for the 
double layer interaction with the interface:  
 
	 2 , ,                 
 
where, according to Eq. 2-1 and the Grahame equation connecting the charge density and 
surface potential of isolated surfaces3, we obtain the surface potential 	of the 
particle image (listed in Tables 3-2 and 3-3) via 
 
	 sinh              
 
 Finer details of the image charge interaction, such as effects caused by the 
curvature of the oil-water interface or the charge images of interfacial ions at the water-
particle boundary, are not captured in our simplistic description. 
 We substitute values of  , 	 	 	 back to Eq. 3-3 and obtain 
forces of		 , 		 	 . Finally, we rely on the Eg. 3-1 to predict the particle 
adsorption and the formation of emulsions at selected pH and salt concentrations upon 







3.3 Results and Discussions 
3.3.1 Model prediction of electrostatic barrier to particle adsorption        
 Experimental results in the last chapter suggest an electrostatic barrier hindering 
the particle adsorption and preventing the formation of emulsions when particles are 
highly charged at low salt concentrations. The electrostatic barrier to adsorption for 
negatively charged particles resulting from the electric double layer repulsion has been 
well known, but current understanding encounters difficulties in explaining the cause of 
electrostatic barriers to adsorption for the positively charged particles, as the electric 
double layer is attractive in this case. We propose this widely neglected electrostatic 
barrier to adsorption is caused by the image force, and include it in our model 











 Consistently with the experimental suggestion, the model computation confirms 
the existence of electrostatic barrier for both particles at medium conditions (pH 6 and 10 
mM). As shown in Fig. 3.1, the Y-axis is the ratio of total electrostatic force to 
hydrodynamic mixing force, and the electrostatic barrier exists only if the ratio is greater 
than one, when the total interaction force outweighs the hydrodynamic mixing force (Eq. 
3-1). We attribute the electrostatic barrier to both the electric double layer repulsion and 
the image force repulsion for negatively charged particles, but only to the image force 
repulsion for positively charged particles. The height of the estimated electrostatic force 
barrier is 5 times larger than the hydrodynamic mixing force for anionic carboxyl-PS 
particles, and is 19 times larger for the small cationic amidine-PS particles. The 0.4 µm 
amidine-PS particles show a larger relative barrier height than 1.9µm carboxyl-PS 
particles because carboxyl-PS particles experience a larger hydrodynamic mixing force 
promoting adsorption, which is proportional to the particle size (Eq. 3-2). In essence, this 
model computation supports our proposition that image forces can have the right order of 
magnitude to create an electrostatic barrier impeding the particle adsorption and 
Pickering emulsification.  
 According to the model prediction, we should be able to make the particle adsorb 
and form emulsions by increasing the hydrodynamic mixing force to where it is larger 
than the maximum electrostatic barrier force. In line with these expectations, we found 
that a significant increase of hydrodynamic driving force, realized experimentally by 
increasing the rotor frequency almost 3-fold to 30000 rpm, achieved the formation of 
emulsions in the cases where weaker mixing failed to produce a Pickering emulsions. By 
contrast, simply increasing the mixing time by a factor of 2 or 3 did not have that effect. 
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The model also predicts that an oil with a higher dielectric constant should give rise to a 
weaker image force and therefore help lower the electrostatic barrier (Eq. 3-9) and 
promote particle adsorption and emulsification. To test this prediction, we carried out 
emulsification experiments with 1-octanol, which has negligibly low water miscibility 
like hexadecane, but a higher dielectric constant (10.3), and we found that mixing always 
resulted in the formation of Pickering emulsions regardless of the pH and salt 
concentrations in the aqueous solutions. Such agreements between the model prediction 
and the experimental observations provide additional support for our arguments about the 
effects of image charges on the formation of Pickering emulsions. 
 
3.3.2 Comparison of model predictions for the formation of emulsions to 
experimental results  
 In addition to the model prediction at medium conditions discussed above, we 
carried out the similar theoretical estimates for other solution conditions where 
experimental data of the zeta potential of oil-water interfaces in NaCl solution were 
available5. The model prediction suggesting the failure of particle adsorption and 
Pickering emulsification are marked with open squares, whereas the model predicted 
success of the particle adsorption and Pickering emulsification are marked with open 
circles in Fig. 3.2.  






   
 
      
Figure 3.2 Comparison between the model prediction and the experimental results about whether 
emulsions can form in solution conditions where experimental data for the zeta potential of oil-water 
interfaces are available. Solid symbols mark experiments, and open symbols mark the model 





 From Fig. 3.2, we see that the model prediction of whether the emulsions can 
form agrees very well with the experimental observations. Given the crude 
approximations made in the theoretical estimates, those detailed agreement with 
experiments seems fortuitous, but it does support our arguments that image forces have 
the right order of magnitude to impede Pickering emulsification, and including the image 




 The theoretical work in this chapter answers the question left in the chapter 2 
about whether the image force repulsion is strong enough to prevent particle adsorption. 
Our theoretical estimate does support our hypothesis that image repulsive forces have the 
right order of magnitude to impede the particle adsorption and Pickering emulsification. 
Further, with the image force included in the model estimating the forces across the oil-
water interfaces, we achieved good agreement between the model prediction and the 
experimental results about whether the particle can adsorb to the interface and produce 
emulsions at select cases where zeta potential data of oil-water interfaces are available. 
But, given the use of the superposition approximation and boundary conditions of 
constant charge and constant potential, the current theoretical model is still quite crude, 
and further efforts will be made to achieve more accurate theoretical model via solving 
the full Poisson-Boltzmann equation with boundary conditions of charge-regulating 
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ELECTRIC FIELD EFFECTS ON THE PARTICLE CONTACT 
ANGLE AT OIL-WATER INTERFACES 
 
4.1 Introduction 
 The particle contact angle θ, used to quantify the particle wettability, is an 
important parameter for the stability of Pickering emulsions in terms of its effects on the 
energy of particle adsorption at the oil-water interface (Eq. 1-2) and on the maximum 
capillary pressure of the liquid film separating two emulsion droplets and stabilizing them 
against coalescence (Eq. 1-3). The particle contact angle is also the most important 
parameter governing the emulsion type. Several experimental methods have been 
advocated to measure the contact angle of particles at liquid-liquid interfaces, including 
the macroscopic measurement of droplet angles on flat proxy surfaces, the gel trapping 
technique (GTT), the film-calliper method, and the FreSca cryo-SEM method discussed 
in the chapter 1. Experimental data from all these methods generally agree on the 
hydrophilic nature of inorganic particles such as silica particles and gold particles, but 
they fail to provide a consistent picture about the wettability of charged polystyrene 
particles. The inorganic particles may be considered inherently hydrophilic, but the 
charged polystyrene particles exhibit a hydrophobic polystyrene bulk and hydrophilic 
charged functional groups at the surface, so their resulting overall wettability is not 
obvious. Our contact angle measurements in chapter 2 reported (macroscopically 
measured) contact angles for 2 µm carboxyl-PS particles exceeding 130°; Paunov et al1 
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obtained a contact angle around 100° for 3.9 µm sulfate polystyrene particles via GTT. 
These reports indicate charged polystyrene particles are more hydrophobic. However, the 
measurements with the film-calliper method2 showed the contact angle of 2 µm sulfate 
polystyrene particles was 58°, and recent measurements with FreSca Cryo-SEM3  
reported a contact angle of 85° for 2.8 µm charged polystyrene particles. The charged 
particles thus appear hydrophilic from these experiments. One might ask: are such 
differences in suggesting the wettability of charged polystyrene particles caused by 
differences in the particle functionalization, by a large particle-to-particle or batch-to-
batch variability in the particle wettability, by experimental errors, or by other reasons, 
such as systematic differences in the way that the particle charge affects the contact angle 
observed in the different experimental geometries4? The work in this chapter will help 
remove much of this uncertainty. We select two well-known methods, the macroscopic 
surface proxy method and GTT, to measure the contact angle of charged polystyrene 
particles, and find that details of the sample preparation greatly affect the outcome even 
when the same analysis is applied. We propose an improved sample preparation protocol 
for the GTT method, and observe that the (arguably) most reliable data for the particle 
contact angles and our contact angle data for the macroscopic proxy surfaces suggest 
opposite wettability for the same material. We attribute this discrepancy to electric field 
effects on the position of an actual particle at the oil-water interface.  
    
4.2 Materials and Methods 
 1 m polystyrene (PS, 64030) particles were purchased from Polysciences Inc. , 
and 1 m carboxyl-PS (C37274) and 1 m sulfate-PS (S37498) particles were purchased 
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from Life Technologies Corporation. 5 m Nile-blue fluorescent carboxyl-PS particles 
were obtained from Spherotech Inc. All particles were purged three times with DI water 
by centrifuge before use.  Some important properties of these particles were summarized 
in table 4-1. All particles of 1 m mean diameter have a narrow size distribution (low 
standard deviation), but the 5 m particles are polydisperse .  
 
               Table 4-1 Properties of charged polystyrene particles for contact angle measurements  
 
 
4.2.1 Measurements of macroscopic contact angle and contact angle hysteresis 
 Measuring the contact angle of a macroscopic surface is widely used to estimate 
the particle wettability. The procedure of preparing the macroscopic proxy surface 
mimicking the particle surface is the one described in chapter 2 (Fig. 2.2). To account for 
the fact that particles are initially dispersed in the water phase and water thus wets the 
solid first, we revised the set-up for three-phase contact angle measurements by first 
submerging the polymer coated glass substrate in water rather than in oil. The substrate 
was held upside down in a sample cell filled with aqueous 1 mM NaCl solution at pH 5.8, 
and a small drop of hexadecane (Reagent Plus, Sigma-Aldrich), purified via passing 






Sulfate‐PS1	 1 µm  0.03 µm  N.A. 
Sulfate‐PS2	 1 µm  0.026 µm  6.1 µC/cm2 
Carboxyl‐PS	 1 µm  0.046 µm  12.7 µC/cm2 
Fluorescent	carboxyl‐	PS	 5.09 µm  0.437 µm  N.A. 
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substrate by an inverted needle, and the resulting three-phase contact angle was measured 
through the water phase.   
 
Figure 4.1 Scheme of the tilt plate method for measurements of contact angle hysteresis, where  
and  are the advancing contact angle and the receding contact angle respectively. 
   
 The contact angle hysteresis, which generally arises from surface roughness or 
chemical heterogeneity5, was measured by the tilting plate method6 (also referred as 
inclined plate method). As the plate is tilted typically from 0° to 90°, the contact angle on 
the downhill side increases while the contact angle on the uphill side decreases due to the 
gravity. Upon the last valid reading when the sessile drop starts to slide, we captured the 
contact angles on the downhill and uphill sides of the sessile drop as the advancing 
contact angle  and the receding contact angle  respectively. The difference between 
them (  ) is defined as the contact angle hysteresis. In some cases, the drop will not 
slide even when the plate tilts all the way to the vertical, and the final static downhill and 
uphill contact angles were used to represent the	   and the  after a rest time of 10 min.  
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4.2.2 Gel trapping technique (GTT) and revised spreading solvent-free GTT 
 The GTT protocol reported in the literature for measuring the three-phase contact 
angle of particles at oil-water interfaces started with the introduction of particles to oil-
water interfaces using a spreading solvent like isopropanol, and the water phase consists 
of an initially warm (50 °C) aqueous solution of 2% gellan gum (CpKelco)/1mM NaCl at 
pH 5.8, which was purified by passing through a -silica chromatographic column 
before use. When the temperature droped from to 25 °C, the gel sets and immobilizes the 
particle at oil-water interface. The oil phase was then replaced with polydimethylsiloxane 
(PDMS), and after curing for 48 hours, the PDMS replica with trapped particles can be 
peeled off. The protruding height of the particles was measured by AFM (VEECO 
Dimension 3100) under the tapping mode and was used together with the known particle 
size to calculate the contact angle. The reported contact angles were averages of contact 




Figure 4.2 Scheme of gel trapping technique (GTT) with a spreading solvent-assisted introduction of 
particles to oil-water interfaces1 
 
 A central argument against the classical GTT protocol is the use of a spreading 
solvent like isopropanol (IPA), and a few recent studies reported that the choice of 
spreading solvent influences the measured contact angle, with IPA making particles 
appear more hydrophobic7. To remove the effect of IPA on the particle contact angle, we 
revised the way of introducing the particle to the oil-water interface, and used the 
buoyancy force on particles in heavy water, combined with mild agitation, to bring 
particles to the interface. After an overnight rest allowing the particles to reach the 
interface, we gently added a 3% gel solution to the heavy water and achieved a final gel 
solution of 2% (w/v) at pH 5.8 and 1 mM NaCl. The rest of protocol was the same as in 
the classical GTT procedure. The resulting coverage of the interface with particles 
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achievable with our revised method is much smaller than the one obtained with a 
spreading solvent, and one might fear that the particle found in the interface may not 
represent the average particle properties. Given the good size monodispersity of our 
samples, we nonetheless feel that any sampling flaws possibly introduced in our method 
are less severe than the artifacts caused by the spreading solvent in the original protocol. 
 
 
Figure 4.3 Spreading solvent-free GTT with introducing particles via buoyancy force in the heavy 
water  
  
4.2.3 Confocal microscopy of particles in the oil-water interface 
 Confocal microscopy observation of the particle position at the oil-water interface 
was conducted to estimate the particle contact angle, as a complementary approach for 
the macroscopic contact angle measurement and GTT discussed above. We added 5.09 
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µm nile-blue fluorescent particles (0.005% w/v) into heavy water and allowed them to 
reach the interface overnight. The oil phase was labeled with Nile red (Sigma Aldrich) 
for an observation of the interface. The image showing the particle position in the depth 
direction (z direction) at the interface was acquired by reconstructing a stack of in-plane 
images (x-y direction) using a 63X oil-immersion objective lens (numerical aperture: 1.4) 
on a confocal microscope (Zeiss LSM 510 VIS). 
 
4.2.4 Zeta potential measurements 
 Zeta potentials of particles as a function of pH at 1 mM NaCl solutions were 
calculated from experimental electrophoretic mobilities (measured by Malvern zetasizer 
Nano ZS590) using O’Brien and White’s method8. Zeta potentials of the macroscopic 
surface as a function of pH were measured by an electrokinetic analyzer (Anton Paar 
SurPass electrokinetic analyzer), which analyzes the streaming potential and streaming 
current generated by solution flow over the surface9,10. The reported results for both 
measurements were averaged from two independently prepared samples at each pH and 4 
measurements per sample.  
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4.3 Results and Discussions  
4.3.1Experimental evidence of electric field effects on the particle contact angle at 
oil-water interfaces 
4.3.1.1 Comparison of particle contact angles measured with macroscopic proxy surface 
method and GTT 
 For an ideal solid surface, there is no contact angle hysteresis, and the 
experimentally observed contact angle is the equilibrium	  defined by the Young 
equation. However, for a non-ideal surface, the experimentally observed static contact 
angle might not be 	 , and contact angle hysteresis is commonly observed. It has been 
suggested that the equilibrium angle  can be approximated by the arithmetic mean11,12  
 
cos 	 		 ,                
 
where   is the advancing contact angle, and  is the receding contact angle. A typical 





Figure 4.4 Depiction of a macroscopic contact angle and contact angle hysteresis (at a tilt angle of 
90°) for the thin film cast from carboxyl-PS particle solutions 
   
 In our measurements, the sessile drop did not slide even when the plate was tilted 
to 90°, and the final static downhill and uphill contact angles were used to represent 
the	  and the   respectively after a rest time of 10 min. Around 6° contact angle 
hysteresis was observed for all the surfaces, and the 	  value, calculated according to 
Eq. 4-1, show all macroscopic surfaces are very hydrophobic with contact angles above 
135°, predicting hydrophobicity of all particles. We also find the carboxyl-PS particles 
appear less hydrophobic (lower contact angle) due to their higher surface charge densities 





      
    
 
 
Figure 4.5 Results of 	 (open triangle) ,  (open inverted triangle), and		  solid squares and 





Figure 4.6 A typical AFM scanning image of one polystyrene particle in the PDMS interface (left) 
and measured protruding height above the PDMS surface (right). 
 
 Compared to the macroscopic contact angle measurement, the GTT is a more 
direct approach to measure the particle contact angle at interfaces. The PDMS replica of 
the oil-water interface can be examined by scanning electron microscopy, or, for a more 
accurate determination of contact angles the height of the protruding particles can be 
measured by atomic force microscopy (AFM). In the latter case the accuracy of 
measurements is within a few nanometers, determined by the vertical resolution of the 
AFM. We conducted GTT both with introduction of particles to the interface using the 
spreading solvent and with buoyancy driven particle adsorption from heavy water. The 
results, together with data of the macroscopic contact angle measurements above, are 
summarized in Fig. 4.7.  
 GTT with spreading solvent yields a significantly lower contact angle for all 
charged polystyrene particles than observed in the macroscopic measurements on a proxy 
surface, but both types of measurements agree in the qualitative assessment that the solid 
surfaces are hydrophobic. Such qualitative agreement in predicting the hydrophobicity of 
the charged polystyrene particles could distract from the systematic difference in the 
results, which might in part be blamed on a slightly different surface composition of the 
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particles and the proxy surfaces. However, in light of the recent suggestions that the 
spreading solvent can have a hydrophobizing effect3,7, one may wonder whether particles 
in the absence of spreading solvent would appear hydrophilic. The answer is yes based on 
our GTT measurement on particles introduced to the interface from heavy water without 
the use of spreading solvent – the revised GTT protocol yields contact angles below 90°, 
indicating that particles are indeed hydrophilic at this low ionic strength, although 
macroscopic measurements and the widely used original GTT method suggest otherwise.   
 
 
Figure 4.7 Comparison of contact angle measured with macroscopic thin film proxy, GTT with 
spreading solvent and GTT with heavy water.  
 
 For further insights into the true particle wettability, we conducted a confocal 
microscopy study of the particle position relative to the oil-water interface and estimated 
the contact angle of the particle with the interface. The confocal observation of a larger 
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fluorescent carboxyl-PS particle (5 µm) shows the larger part of the particle residing in 
the water phase, which suggests that particles are hydrophilic in line with the result from 




Figure 4.8 Confocal microscope image of a 5 µm fluorescent carboxyl-PS particle at an oil-water 
interface 
   
 
4.3.1.2 Comparison of zeta potentials between macroscopic surfaces and particles  
 While artifacts associated with the spreading solvent explain the hydrophobic 
appearance in the classical GTT experiments, another explanation is needed for the 
bigger discrepancy between the macroscopic measurements and the results from the 
revised GTT method. One might argue that some of the chargeable surface groups on the 
particles could be lost or modified during the preparation of the macroscopic proxy 
surface, which involves the transfer of particles from water to IPA, drying, and 
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dissolution in chloroform for spin coating. Although one might conversely expect a 
higher surface density of chargeable groups on the macroscopic film, which has lower 
total surface area than the source particles, we cannot exclude that the temporary 
exposure to two solvents in the film preparation somehow results in a loss of surface 
charge. In order to investigate this potential loss of surface charge in the preparation of 
macroscopic proxy surfaces from the particles, we measured and compared the zeta 
potentials of the particles and the macroscopic proxy surfaces, shown in Fig. 4.9.  For 
both sulfate-PS particles, the macroscopic surface has a zeta potential about 20 mV ~ 40 
mV lower than particles through all pH, whereas for carboxyl-PS particles, the 
macroscopic surface has a lower zeta potential at high pH and then coincides well with 
the zeta potential of the particles as pH decreases. A systematic difference in zeta 
potentials obtained with different experimental techniques has been reported in several 
previous studies13,14. The zeta potential is the potential at the shear plane, and where 
exactly it is located relative to the charged surface is dependent on the experimental 
geometry (Fig. 4.10). The shear plane is believed to be closer to the surface in 
electrophoresis measurements (for the particle zeta potential) than in streaming potential 
measurements (for the macroscopic surface potential), leading in general to a slightly 





Figure 4.9 Comparisons of zeta potentials as a function of pH between macroscopic surfaces (solid 
red line) and particles (dashed blue line) 





Figure 4.10 Theoretical potential evolution as a function of the distance with respect to the solid 
surface within the electrical double layer: Influence of the shear plane location on zeta potentials 
with different electrokinetic methods  is the difference between zeta potentials obtained with 
different electrokinetic methods at   14. 
  
 According to Fig. 4.10, the difference between different electrokinetic methods 
becomes especially pronounced when the pH is far from the isoelectric point (IEP), 
which in the case of our particles is very low, especially for the sulfate particles. One 
might argue that the 20 mV ~ 40 mV difference observed for the sulfated surfaces may 
still be due to a loss of charged groups. We cannot eliminate this possibility, but we 
assure that the macroscopic surface is still highly charged. Therefore, and because of the 
good consistency in the electrokinetic results for the carboxyl surfaces, it seems 
implausible that a lack of charges on the macroscopic surfaces is the primary cause for 
the difference in their contact angles from the particle contact angles.  
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4.3.1.3 Hypothesis of field effects on the particle contact angle 
 
 
Figure 4.11 Scheme for the macroscopic contact angle  (a), the particle’s contact angle  at 
equilibrium position without the electrostatic field effect (b) and the shifted equilibrium position 
towards water side including the field effect 
 
 Our experimental results above indicate that the contact angle of interfacially 
adsorbed particles is much smaller than the macroscopic contact angle of chemically 
similar surfaces. We propose that this is caused by contributions to the particle’s free 
energy from the electric field associated with the charged particle and its asymmetrically 
distributed counterions. Since these counterions are essentially confined to the far more 
polarizable aqueous subphase, the overall charge distribution has a strong dipole moment, 
and in the far field resembles the field of a point dipole, although with significantly 
reduced strength on the water side due to screening (Fig. 4.11 c). The particle’s 
equilibrium position with respect to the interfaces corresponds to the total free energy 
minimum, and it is fairly obvious that electrostatic contributions like the energy stored in 
the dipole field contribute a position dependent free energy term that will influence the 
equilibrium contact angle and is not accounted for in the standard expression (Eq. 1.2) 
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relating the free energy to the contact angle. Without the electrostatic effects, the 
particle’s contact angle 	at the equilibrium position (Fig. 4.11 b), decided by the 
interfacial free energy with respect to the interfacial tension, is precisely the macroscopic 
contact angle   that is formed by an oil droplet on a solid surface which has the same 
material as the particle, surrounded by the water phase (Fig. 4.11 a).  
 How far the particle position is shifted because of electrostatic effects – and even 
the direction of this shift – is far from obvious, but the question naturally arises whether 
such a shift can possibly explain why polymer particles that produce hydrophobic 
coatings on macroscopic surfaces can protrude far into the water side of an oil-water 
interface and preferentially stabilize water-continuous emulsions, much like intrinsically 
hydrophilic emulsifiers. A simple theoretical model of the total free energy profile for an 
interfacially adsorbed particle including the self-energy of the dipole field will be 
discussed in the next chapter.  
 
4.4 Conclusions 
 By revising the classical Gel Trapping Technique, using particle buoyancy in 
heavy water to introduce particles to the interface instead of a spreading solvent, we have 
revealed that charged polystyrene particles can appear hydrophilic with three phase 
contact angles below 90° measured through the water phase, even when the 
corresponding flat proxy surfaces are hydrophobic as judged by macroscopic contact 
angles above 90°. The macroscopic contact angle measurement can still be an effective 
method to evaluate the inherent wettability of the particle, since the zeta potential of 
macroscopic surface is found to be comparable to the original particles. However, the 
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macroscopic contact angle might not truly reflect the position of charged particles in an 
oil-water interfaces due to the proposed effect of dipole field. The energy stored in the 
formed dipole field contributes to the total free energy profile, and may shift the 
particle’s equilibrium position toward the water side, yielding a lower contact angle than 
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A MODEL FOR THE PARTICLE CONTACT ANGLE AT OIL-




 As a charged particle resides at the oil-water interface, the asymmetric 
distribution of its counterionic clouds with respect to the interface and to the particle 
charge gives rise to an electrical dipole moment perpendicularly oriented to the interface, 
producing an electrical dipole field that is the dominant contribution to the far field in the 
plane of the oil-water interface (  = 0) and anywhere in the nonpolar oil bulk (  > 0), 
which can be considered free of mobile charges1, whereas in the water phase (  < 0) 
mobile ions, stemming from the autodissociation of water and any dissolved salt, strongly 
screen the field.  
 
Figure 5.1 Scheme of a single particle at the oil-water interface, z =  and 	  when the particle 
reaches the equilibrium position. 
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 In principle, the contribution of the entire electric field to the particle free energy 




where  is the dielectric constant of the vacuum,  is the dielectric constant in the 
medium hosting the field, and  is the magnitude of the electric field , with 
associated electrostatic potential	 . In the oil phase, this potential must satisfy the 
Laplace equation (Poisson equation for a charge free medium) 
 
 = 0     (z > 0),  
 
whereas for the water phase, the right hand side of this equation must be non-zero to 
reflect the presence of mobile ions. In mean-field theory, these ions are assumed to 
spatially arrange themselves according to a Boltzmann distribution dictated by the mean 
potential	 . For low to moderate potential ( 	 	  where  is the thermal 
energy scale and e  the elementary charge), the resulting expression can be linearized and 
assumes the form of the popular Debye-Hückel equation 
 
     (z < 0),  
 
where  is the Debye screening length. The potential (and field strength  required for 
Eq. 5-1) are obtained by solving Eq. 5-2 and 5-3 with the boundary conditions that the 






→ 0  for 	 	 → ∞, 
 
that it be consistent with the surface potential of the particle, 
 
→   for  , 
 
and that the dielectric displacement E

 be continuous at the oil-water interface 










 for  	 . 
  
 Despite the linearization in Eq. 5-3 the solution is still far from simple1, but as 
mentioned before, the dominant contribution outside of the immediate vicinity of the 
particle is that of a dipole field, dramatically weakened on the water side through 
screening by the mobile ions. To obtain a first approximation of the field effects on the 
particle position with respect to the interface, we will limit our considerations to the 
dipole field contribution. 
 Most studies on interfacially adsorbed particles have so far only addressed the 
role of the dipole field for the inter-particle interactions2,3,4,5. At the level of a single 
charged particle, however, the dipole field can also play a role in influencing the contact 
angle of the particle with the oil-water interface, and may provide some explanation for 
our experimental observations discussed in the previous chapter. In the absence of 
electrostatic effects, the particle’s contact angle, associated with its equilibrium position 




the interfacial tensions and position dependent areas of solid-water, solid-oil and oil-
water contact6. The interfacial free energy profile with respect to the interfacial tension 
alone is described by 
 
	 	 	  
 
where  is the oil-water interfacial tension,  is the distance from the particle center to 
the interface (Fig. 5.1) and  is the particle’s equilibrium position.  is calculated using 




As discussed in the previous chapter, the particle’s contact angle 0	at the equilibrium 
position (Fig 4.11 b) without the inclusion of electric field effects is precisely the 
macroscopic contact angle   .  
 Now, with contributions of the self-energy of a dipole field  to the total 




we will expect a shifted particle’s equilibrium position and contact angle as the free 
energy profile is modified by the energy stored in the dipole field. In this chapter, we will 





interfacial free energy profile, and compare the model predicted contact angles to the 
experimentally observed ones.  
 
5.2 Methods for calculating the energy of a dipole field  





and the dipole field of a charged particle at oil-water interfaces can be estimated by a 
simple model where the “particle-dipole” is replaced by a “point-dipole” located at the 
interface7.  
    
Figure 5.2 Estimate the electric field of “particle-dipole” (left) with a “point-dipole” field (right) 
 
 For a “point-dipole” located at the origin of a spherical coordinate ( , ω, φ ), in 
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where the magnitude of the dipole moment . In the case of the “point dipole” 
moment, 	is simply the magnitude of the point charge and d is the distance between two 
opposite charges shown in Fig. 5.2.  For the “particle-dipole” at the oil-water interface,  
we estimate the dipole moment by considering two scenarios suggested by Oettel et al.7,9: 
(i) the particle is only charged on the water side, or (ii) the particle is also charged on the 
oil side.  
 
5.2.1 Charges only on the water side 
 When the particle is only charged on the water side,  the effective “particle-
dipole” moment can be estimated by ∼ , where	  is again the Debye 
length, and the effective charge  can be expressed as , where  is the surface 
charge density of the particle in contact with the water phase, and is calcualted via the 
measured zeta potential, and  is the surface area exposed to the water side,  = 
2 1  (Fig. 5.1). We insert  into Eq. 5-12 and obtain the magnitude of 




according to Eq. 5-10. Since screening in the water phase side makes the field 
contribution for z < 0 far smaller than the contribution from the oil phase, we neglect the 
water phase contribution and integrate only over the positive half-space z ≥ 0. This 
neglect of the field on the water side is equivalent to treating the water as a perfect 
conductor (while in reality its conductivity is finite, but orders of magnitude larger than 
that of the oil).   
 
5.2.2 Charges also on the oil side 
 It has been suggested that charges also exist at the particle-oil interface5,10, 
although this point is somewhat controversial7 and the charging mechanisms remain 
unclear. We now consider the charges exist on the oil side, and again approximate the 
water solution as a perfectly conducting medium for the simplification of the model. The 
effective dipole moment in this case is dominated by the oil side charge and can be 
estimated by p ∼ 	q R , where R  is the protruding height of the particle into the oil 
side7. q  is estimated by σ A , where  σ   is the assumed charge density at the 
particle-oil interface that would give the particle a uniform surface potential throughout 
(particle surface = equipotential surface), with the factor  	  accounting for the larger 
energy cost of dissociating charges in the low permittivity medium, and  A  is the surface 
area exposed to the oil phase,  = 2 1 . Again, we substitute the p  in Eq. 
5-12, and from Eq. 5-10 we obtain the self-energy of the dipole field by integrating the 
energy density only over the entire oil space.   
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5.3 Results and discussions 
5.3.1 Model predicted contact angle of the particle at oil-water interfaces 
 We hypothesize, based on our experimental results in the last chapter, that the 
self-energy of a dipole field contributes to the total free energy profile, that it shifts the 
particle’s equilibrium position toward the water side, and yields a much lower contact 
angle than the macroscopic one. The question left is whether this self-energy of the 
dipole field is large enough to modify the total free energy profile with respect to the 
interfacial tension contributions and change the contact angle from being hydrophobic to 
hydrophilic.  




                    
 
Figure 5.3 Model predicted total free energy profile of a charged particle ( / ) of 0.5µm 
(radius) at the oil –water interface ( ,  as a function of z/R under two scenarios: 
charges only on the water side (top) and charges also on the oil side (bottom) 
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 In Fig. 5.3, we plot the model predicted total free energy profile as a function of 
z/R (center distance to the interface against particle radius) at the oil-water interface 
without or with the inclusion of the self-energy of the dipole field. Without the dipole 
field energy included, the total free energy	 	relies only on the contribution of the 
interfacial tension part , and the model predicted contact angle corresponds to the 
experimental macroscopic contact angle. With the dipole field energy included, the total 
free energy ( 	 	is expected to be modified if the dipole field energy 
	has the same order of magnitude as the energy as the interfacial tension part , 
and the model predicted contact angle should correspond more closely to the contact 
angle measured by GTT. The particle’s contact angle depends on the equilibrium position 
of the particle at the interface, and that equilibrium position is located where the total 
interfacial free energy is minimized. In Fig. 5.3, if the minimum of total interfacial free 
energy is on the water side (	 0 , the model predicted contact angle is smaller than 
90°. In contrast, the model predicted contact angle is larger than 90° if the minimum of 
total free energy is on the oil side (	 0 .	  
 In either scenario (charge only at the particle-water interface or also at the 
particle-water interface), the model estimates a dipole self-energy 	in the right 
order of magnitude to cause an appreciable shift in the position of the total free energy 
minimum (i.e. in the predicted particle position). However, the predicted shift has 
opposite direction in the two scenarios considered: in the case where the particle is only 
charged on the water side, the inclusion of dipole field energy shifts the equilibrium 
position of the particle toward the oil phase and thus makes the particle appear even more 
hydrophobic, whereas in the case where the charges on the particle-oil interface, the 
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inclusion of the dipole field energy shifts the equilibrium position from the oil side to the 
water side and thus mediates a shift in the particle’s wetting behavior from hydrophobic 
to hydrophilic. Therefore, only the model prediction under the second scenario, where we 
allow for oil-side charges on the particle surface, agrees qualitatively with our 
experimental observations from the previous chapter.  
 To further verify which scenario better reflects the “real “case, we investigated 
effects of the particle size on the contact angle. According to the model prediction, the 
self-energy of the dipole field is proportional to the cube of the particle radius 
( ~ ~ ~  ), and increasing the particle size should therefore produce much 
stronger effects of the dipole field. Based on the results in Fig. 5.3, one might expect that 
the model for scenario (i) (water-side particle charges only) would predict the smaller 
particles to appear less hydrophobic, due to their lower dipole field energy, and larger 
particles to appear more hydrophobic, since their large dipole field energy in this scenario 
shifts the equilibrium position to the oil side. By contrast, the model for the second 
scenario (presence of oil-side particle charges) will predict that smaller particles appear 
more hydrophobic while the bigger particles appear more hydrophilic, since the dipole 
field energy shifts the equilibrium position toward the water side in this case. In the 
following section we report experimental tests of this predicted dependence on the 
particle size.  If our particles indeed carry oil-side charges as suggested by the qualitative 
agreement of Fig. 5.3 (bottom) with our experimental contact angles of Fig. 4.7, then we 
should expect a significant increase in hydrophilicity (decrease in the particle contact 
angle) with increasing particle size. This is indeed what we observe.  
 
 112
5.3.2 Effects of the particle size on the particle contact angle  
 We selected three carboxyl particles of 0.1 µm, 0.5 µm and 1 µm in diameter (life 
technologies Inc.) to investigate the effect of particle size on the particle contact angle.  
The zeta potentials for three particle sizes in pH 6 buffer solutions with 1mM or10mM 
NaCl added are shown in Fig. 5.4. The buffer was used to minimize fluctuations of 
particle’s surface charge. The measurements show a maximum difference of 20 mV in 
the zeta potentials of particles at 1mM NaCl, and a maximum difference of 10 mV at 10 
mM NaCl. Given a small zeta difference (10 mV) at 10 mM NaCl where the zeta 
potential can be determined more accurately from electrophoresis and should 
approximate the surface potential fairly well, we consider the three particles to have very 
similar surface potential and be distinguished primarily by their size difference. 
 
 




 The contact angle was measured with solvent-free GTT as discussed in the last 
chapter. The buffer was added to the water phase to keep the constant pH at 6. Since GTT 
is limited to relatively low salt solutions (because high salt concentrations cause 
difficulties in controlling the gel setting temperature and obtaining an uniform gel 
structure), we measured the contact angle at 1mM and 10mM NaCl solutions.  As shown 
in Fig. 5.5, the results agree with the model prediction for particles with oil-side surface 
charges that the free energy contribution of the dipole field produces a more significant 
“hydrophilic shift” for larger particles than for smaller ones.  
 We also find the effect of particle size on the particle contact angle appears more 
obvious (slope in Fig. 5.5) at the high salt concentration and in fact bears surprisingly 
close resemblance to our theoretical prediction, which treated the water phase as a perfect 








 The theoretical work in this chapter answers the question left in the previous 
chapter about whether the self-energy of a dipole field is large enough to modify the total 
free energy profile and change the contact angle from being hydrophobic to hydrophilic. 
Our theoretical model confirms that self-energy is comparable in order of magnitude to 
the free energy from contributions of the interfacial tension, and can modify the total free 
energy profile and shift the equilibrium position of the particle at oil-interface. However, 
only the model prediction in the scenario where we assume charges exist on the oil side 
achieves good agreement with our experimental observations that the self-energy of 
dipole field shifts the particle equilibrium position to the water side and makes the 
particle more hydrophilic. The experimental observations of effects of the particle size 
demonstrate the smaller particle with less dipole field energy appears hydrophobic, 
whereas the bigger particle with higher dipole field energy appears hydrophilic, in 
agreement with the model prediction in the scenario where the particle is also charged in 
the oil phase. Our findings therefore only support the notion that 
I. electric field effects due to the particle charge can indeed shift the equilibrium 
position of particles in oil-water interfaces from the oil side to the water side, 
II.  as a consequence, particles from an intrinsically hydrophobic material can act as 
hydrophilic emulsifiers if the surface charge and size of the particles is 
sufficiently large, and that 
III.  the still controversial occurrence of electric surface charges at the particle-oil 
interface may indeed be real and have a strong effect on the particle contact 
angle. 
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 Since our model only estimates the self-energy of a dipole field in the “far field” 
and assumes the water phase to be a perfect conductor for simplicity, the current model 
might underestimate the contributions of the self-energy of the dipole field to the total 
free energy and in particular the influence of water-side particle charges. Further efforts 
will be made to achieve a more accurate theoretical model with a consideration of the 
self-energy in the “near field” close to the particle surface on the oil side, and the finite 
energy contribution from the field in the water phase, when the “perfect conductor” 
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CHAPTER 6 
DESIGN OF DOUBLE PICKERING EMULSION TEMPLATED 
COMPOSITE MICROCAPSULES  
 
6.1 Introduction    
 While previous chapters have focused on fundamentals of particle adsorption to 
oil-water interfaces and the stabilization of Pickering emulsions, the remainder of this 
thesis shall explore a more practical side of such emulsions. Particle stabilized emulsions 
have been used for many applications such as food technology, oil recovery, surfactant-
free cosmetics and skin care products, and more recent research interest in Pickering 
emulsions has been sparked by their use as a template for microcapsules with controlled 
release performance. In this chapter, we will explore double Pickering emulsions as 
precursors to design pH responsive composite microcapsules with a sustained release 
profile, which are potentially useful for sustained protection of encapsulated “active 
cargos”. For example, with antimicrobial substances encapsulated, these microcapsules 
can be embedded in paper and packaging materials for sustained antimicrobial 
protection1; with herbicide or pesticide encapsulated, these microcapsules can be applied 
to agriculture solutions for sustained crop protection.  
 Here the focus will be on double Pickering emulsions, which offer a particularly 
promising route toward controlled delivery of common water-soluble or water-dispersible 
cargoes. Emulsion droplets are an extremely versatile template for capsules, because 
most successful protocols to encapsulate a droplet will work independently of the precise 
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chemical nature of the dissolved active. W-o-w double emulsion droplets as a capsule 
template have several distinct advantages. First they allow for a high loading efficiency: 
when a solution of dispersion of the aqueous active is emulsified in oil and the resulting 
is emulsion re-emulsified in water, the entire active content in principle ends up 
encapsulated in the inner droplet phase, whereas alternative encapsulation routes often 
rely on preparation and subsequent diffusive loading of a capsules, in which much of the 
active remains unencapsulated in the outer liquid phase. Second, the presence of a 
continuous aqueous phase facilitates release into aqueous environments such those found 
in living organisms. By comparison, aqueous core capsules prepared in water-immiscible 
liquids first need to be transferred into a different medium, and the associated passage of 
phase boundaries or solvent exchanges often lead to capsule damage and a reduced 
overall yield. Third, the presence of a middle oil phase and two liquid interfaces 
separating the aqueous core of a w/o/w droplet from the aqueous outer medium allows 
offers many opportunities for controlling the mass transfer resistance.  
 Similarly, the use of particulate emulsifiers, rather than surfactants, offers 
important benefits. The inclusion of particles as building blocks for a capsule shell may 
be expected to improve the mechanical properties. Moreover, particles with a great 
variety of physicochemical properties and surface functionality are readily available and 
can be used to impart some desired functionality to the capsule shell. Most importantly, 
however, the stabilization of double emulsions calls for two types of emulsion stabilizers, 
a hydrophobic one for the inner w/o interface, and a hydrophilic one for the outer o/w 
interface. Multiple emulsions stabilized with two types of surfactant tend to have poor 
long-term stability. For surfactant stabilized emulsions, as we discussed before, the 
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adsorbed surfactant molecules desorb easily from the interface due to the small 
desorption energy, and there fluctuate in and out of the interface in a dynamic 
equilibrium. As a result, the inside surfactant molecules (purple) used to stabilize w/o 
emulsion can leave the inner interface and adsorb to the outer o/w interface, where they 
will act as demulsifiers for the the o/w emulsion; similarly, the outer surfactant molecules 
can adsorb to the inner interface as a demulsifier. The interchange of surfactant molecules 
between two interfaces is detrimental to the stability of double emulsions, and the double 
emulsion with surfactants often evolves into single emulsions over time2. The large 
desorption energy of particulate emulsifiers, by contrast, prevents such instability due to 




Figure 6.1 Scheme of surfactant stabilized double w/o/w emulsion (left) and particle stabilized double 
w/o/w emulsion (right), with w/o emulsifier (purple) and o/w emulsifier (green).  
 
 Microcapsules prepared from single Pickering emulsions, either oil-in-water or 
water-in-oil emulsions, have been widely reported3,4,5,6, and the first example of double 
shell microcapsules based on double Pickering emulsions with polymer particles via bulk 
emulsification is also reported by our group recently7. However, double Pickering 
emulsion templated composite microcapsules with a combination of multiple types of 
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particles are rarely reported. A use of multiple types of particles can help generate 
functional microcapsules with customized properties. In this work, a unique combination 
of inorganic particles and stimulus responsive polymer particles into the shell endows the 
generated microcapsules with targeted properties. The work pursues the following three 
application-oriented targets: 
 Design of microcapsules from double emulsion stabilized solely by silica particles 
 Design of pH-responsive microcapsules with sustained release profile from 
double Pickering emulsions with both inorganic and polymer particles. 
 Design of composite microcapsules with high encapsulation efficiency for small 
molecules  
 
6.2 Materials and methods  
6.2.1 Design microcapsules from double emulsion stabilized solely by silica particles 
6.2.1.1 General design approach 
 Commercial silica particles are selected as an inorganic particle candidate because 
they are very cheap, and have been well studied in Pickering emulsions. Microcapsules 
from double Pickering emulsions with silica particles have been generated via 
microfluidic emulsification8, but rarely via bulk emulsification. Here, the adopted process 
started with creating a w/o emulsion with hydrophobically modified silica particles (HDK 
H30, Wacker). The water phase contained 2% (w/v) particles and 0.2 mol/L NaCl, and 
toluene was used as the easily extractable oil phase. The water and oil were mixed at a 
ratio of 1:2, and homogenized at 20500 rpm (IKA Ultra-Turrax). The resulting w/o 
emulsions were transferred to an outer water phase containing 2% hydrophilic silica 
particles (Bangs lab, Inc) and 0.1 mol/L NaCl at a 1:3 ratio of w/o emulsion to water, and 
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the system was homogenized at 14500 rpm. Once the double emulsion was achieved, the 
oil phase (toluene) was extracted by copious dilution in water and subsequent solvent 
evaporation at room temperature. When the oil phase was removed, the particles 
originally adsorbed at the interfaces, remained connected by van der Waals forces, 
forming the microcapsule shells (colloidosomes).   
 
 
Figure 6.2 Protocol for preparing double Pickering emulsion templated microcapsules  
   
6.2.1.2  Surface modification of silica particles  
 Silica particles without surface modification (150nm, Bangs lab) were found too 
hydrophilic to stabilize o/w emulsions. Silanization is a common approach to 
hydrophobize the surface. Alkylchlorosilanes, alkoxysilanes, or alkylaminosilanes are 
commonly used chemical agents for the surface modification9. We chose 
methyltrimethoxysilane (MTMS) as a chemical agent capable of completing the 
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modification in aqueous solution. 2% (w/v) hydrophilic silica particles were dispersed in 
10 ml water and stirred at 400 rpm with a magnetic stirrer. 1% (w/v) MTMS was then 
added to the silica particle solution in a dropwise fashion, and continuously stirred at 400 
rpm for 30 mins, allowing MTMS to hydrolyze. After the hydrolysis of MTMS, the pH of 
the solution mixture was adjusted to 9.6 via NaOH, and this basic condition allowed the 
silane groups to condensate on the surface of silica particles where the silanes react with 
the silanol groups to form Si-O-Si bonds. After an overnight reaction under 400 rpm 
stirring, the resulting modified particles were washed twice with fresh water to remove 
unreacted MTMS by centrifuge. In the final step, the pH of particle solution was adjusted 
back to neutral via HCl, ready for use.   
 
6.2.2  Design pH-responsive microcapsules with sustained release profile from 
double Pickering emulsions  
 
 
Figure 6.3 Scheme of the microcapsule composed of pH responsive and silica particles for the pH 





 Upon first achieving the targeted microcapsule from double Pickering emulsion 
with silica particles alone, we are motivated to target in the next step pH responsive 
microcapsule with a sustained release profile. A general approach towards this target is to 
embed pH responsive particles into the shell, where those particles dissolve in response to 
the pH change and initiate the cargo release from the capsule, while the silica particles do 
not respond to the pH change and maintain the structural integrity of the microcapsule, 
assured a sustained release profile beyond the triggered release burst (Fig. 6.3). The pH 
responsive particles were prepared from a co-polymer of methyl methacrylate-co-
methacrylic acid (Eudragit-S100, Evonik) based on the well-know “Ouzo effect” 10, with 
a dissolution pH of 7. The procedure of synthesizing these pH responsive particles was 
developed by a former lab member, and details were discussed elsewhere7. The obtained 
pH responsive particles have an average size of 179 nm as determined by dynamic light 
scattering (Malvern Nano ZS90). Fluorescently (FITC-) labeled dextran (10 kDa, Sigma-
Aldrich at a concentration of 5µg/ml) was used as a model cargo for evaluation of the 








Figure 6.4 Image of microcapsule whose shell is composed of colloidal particles and the inter-particle 
pores (c)11 
 
 The main hindrance to sustained release from microcapsule shells composed of 
colloidal particles (“colloidosomes”) is the porosity arising from incomplete particle 
coverage or packing “defects” that can easiliy result in fast cargo leakage and 
correspondingly low encapsulation efficiency6. Even in the case of dense particle 
packing, the interstitial spaces between particles provide sufficiently large pores to allow 





Figure 6.5 Scheme of adding polymer “skin” to the shell via interfacial polymerization for improving 
encapsulation efficiency for small molecules 
  
 To resolve this problem, we added a polymer “skin” to the shell by interfacial 
polymerization. Generally following the protocol in the Fig. 6.2, we added additional 
1mol/L glycerol (Sigma Aldrich) to the inner water phase and 1.2 mol/L Methylene 
diphenyl diisocyanate (MDI, BASF) to the oil phase at the first step of preparing the w/o 
emulsion, and added 1mol/L ethylene glycol to the outer water phase at the second step 
of preparing the w/o/w emulsion. At the interface, the glycerol and ethylene glycol 
reacted with MDI to form polyurethane “skin”. The final “skin” thickness will rely on the 
interplay of diffusion through bulk, diffusion through the formed polymer shell, and 
interfacial reaction12. The reaction proceeds steadily until all monomers are consumed or 
their diffusion becomes severely impeded by the formed polymer shell.  
 
6.2.4 Microcapsule characterization 
6.2.4.1 SEM observation  
 The shape and surface morphology of the microcapsules were observed by SEM 
(Zeiss SEM Ultra 60). The microcapsules were mounted onto a double-sided carbon stub 
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and dried in a vacuum overnight. The sample was coated with gold prior to SEM 
observation.  
 
6.2.4.2 Confocal microcopy observation   
 The water phase was labeled with 5µg/ml FITC-dextran (10 kDa, Sigma-Aldrich). 
The formed emulsions were observed using 10X objective lenses of confocal microscopy 
(Zeiss LSM 510 VIS confocal microscopy).   
6.2.4.3 Shell permeability   
 Shell permeability was evaluated by Fluorescence Recovery After Photobleaching 
(FRAP). Fluorescently labeled molecular probes in the volume inside the microcapsules 
were photobleached by a short light pulse, and then the bleached volume was monitored 
to record the kinetics of fluorescence recovery due to the diffusion of unbleached dye into 
the microcapsules. Obviously, the more permeable the shell, the less time the recovery 
time takes. The permeability P of the shell can be calculated as7,13:  
 
	                        
 
where R is the capsule radius, and τ  is the time constant associated with the probe 
permeation through the shell and can be obtained by fitting the recovering fluorescence 
intensity 	to the equation: 
   





Here, by a weigh factor	 , two mechanisms contributing to fluorescence recovery in the 
bleached region are combined: permeation of the probe through the capsule wall depicted 
by the Möhwald equation (  part) 14 and the free diffusion of unbleached probe inside 
the capsule depicted by Soumpasis’ expression (  part) involving the zero (  ) and first 
order ( ) modified Bessel functions15. 
 
6.2.4.4 Encapsulation efficiency    
 Encapsulation efficiency was calculated according to the equation: 
 
	 	 	 	 	
	 	
	        
 
 A known amount of targeted substance was added to the water phase, and then the 
encapsulation of substance was completed in accordance to the procedure depicted in Fig. 
6.2. The obtained microcapsules were separated from solution via centrifugation, and the 
supernatant was taken and analyzed by HPLC to quantify the amount of unencapsulated 
substance, and the encapsulated amount of substance can be calculated by subtracting the 
unencapsulated amount from the amount initially added to the system. Results were 
averaged based on three measurements. 
 
6.2.4.5 Mechanical properties    
 Nanoindentation processes with high resolution and depth sensing ability has 
become an important tool to assess mechanical properties of microcapsules16. Here, 
Eq. 6-3 
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mechanical properties of the microcapsules were studied using a Nano-indenter (Hysitron 
Triboindenter) with a 1µm conospherical tip. The microcapsules were fixed to a glass 
surface by a waxy adhesive (Tempfix), and then one randomly selected microcapsule was 
compressed, and the force versus displacement curves were recorded to calculate the 
reduced Young modulus and the hardness. They are both defined to depict the resistance 
of a microcapsule to deformation under an applied force load. 
 
6.3 Results and discussions 
6.3.1 Microcapsules from double emulsion stabilized solely by silica particles  
 
 
Figure 6.6 Confocal microscopic observations of the process to prepare double Pickering emulsion 
templated microcapsules, and SEM of the microcapsule (the inlet image is a local magnification 
showing the shell composed of silica particles).  
 
 We successfully generated the targeted emulsions and microcapsules by using 
only silica particles with rational wettability, and using toluene as the extractable oil 
phase. The fluorescent images in Fig. 6.6 (Water phase was labeled with FITC-dextran) 
show the obtained w/o emulsions, w/o/w emulsions, microcapsules and SEM of 
microcapsules, prepared via the procedure in Fig. 6.2. In order to take SEM pictures of 
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the microcapsules in the dry condition, polyvinyl acetate (PVAc, Sigma-Aldrich) a 
polymer of with low glass transition temperature Tg was embedded into the microcapsule 
shell, offering the microcapsule some elasticity and resistance to fracture under drying 
condition. The typical diameter of the obtained microcapsules ranges from 30 µm to 80 
µm as shown in Fig. 6.7. After a success of preparing microcapsules from double 
Pickering emulsions with only silica particles via bulk emulsification, we move to the 
second target: preparing pH responsive microcapsules with sustained release profiles 





Figure 6.7 Bright-field microscopic observations of multiple microcapsules (left) and one single 
microcapsule (right) in aqueous solution, synthesized from double Pickering emulsions.   
 
 
6.3.2 pH-responsive microcapsules with a sustained release from double Pickering 
emulsions 
 To achieve pH responsive and sustained release microcapsules, we incorporated 
both silica particles and pH responsive particles to yield composite microcapsules. The 
pH responsive particles endow the microcapsules with pH-responsive properties, while 
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the silica particles guarantee the integrity of the microcapsule shell upon dissolution of 
pH responsive particles and allow for the slower release of the enclosed cargo. For FITC-
dextran (10 kDa, Sigma-Aldrich) as the encapsulated cargo, the image in Fig. 6.8 shows 
that the microcapsule composed of only pH responsive particles complete the cargo 
release within 4 seconds as the pH is raised above pH 8 (the dissolution threshold being 
~pH 7 for the polymer particles), but in contrast to this fast release, the microcapsule 
composed of both silica particles and pH responsive particles exhibits a slower release 
that is sustained for more than 40 seconds. The release time can be well tuned by 




Figure 6.8 Images for a fast release of microcapsule composed of only pH responsive particles (top) 
and a sustained release of the composite microcapsule composed of pH responsive particles and silica 
particles (bottom) 
 
 The shell permeability of microcapsules was evaluated by FRAP. A typical FRAP 
curve for a composite pH responsive microcapsule before and after a pH change is shown 
in Fig. 6.9. As one might expect, the microcapsule is less permeable and therefore takes a 
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long time to recover the fluorescence intensity before the pH change, but becomes much 
permeable as the pH responsive particles are dissolved and open “holes” in the shell upon 
increased pH. The shell permeability can be further quantified by the fit of the 
experimental recovery curve (line in Fig. 6.9) using Eq. 6-2, from which the time scales 
 and		  of confined diffusion in capsule volume and of shell permeation can be 
deduced, and the shell permeability can be calculated according to Eq. 6-1. The shell 
permeability of the microcapsule is roughly 48nm/s and 654nm/s before and after the pH 
changes. Here, we notice that the microcapsules whose shells consist only of particles are 
still very permeable for 10 kDa FITC-dextran, and will be even more permeable for 
smaller molecules as a result of leaking from the inter-particle pores. We can expect these 
microcapsules to achieve very poor encapsulation efficiency for small molecules, which 
will limit their potential applications.  
 
 
Figure 6.9 Fluorescence recovery curves (circle) and their fitting curves (line) for a composite 
microcapsule with 10kDa FITC-dextran encapsulated before and after changing pH.     
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6.3.3 Composite microcapsules with improved encapsulation efficiency for small 
molecules  
 To make Pickering emulsion template microcapsules suitable for encapsulating 
small molecules, as our third target, we filled the inter-particle pores by adding polymer 
“skins” to the shell via interfacial polyurethane formation at both interfaces. The SEM 
images in Figure 6.10 show the distinctly different appearance of microcapsules without 
and with interfacial polymerization, with the polymerized shell indeed appearing 
wrapped in an out “skin”. Measurements of the encapsulation efficiency for these two 




Figure 6.10 SEM images of microcapsules without and with a polymeric “skin” added via interfacial 
polymerization 
  
 A small model cargo molecule of molecular weight 221g/mol (the herbicide 
dicamba) was used as the “active cargos” to test encapsulation efficiency of the obtained 
microcapsules for small molecules. As shown in Fig. 6.11, the microcapsules with a 
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polymer “skin” added via interfacial polymerization present a dramatic increase of 
encapsulation efficiency from 2% to 51%.  
 
 
Figure 6.11 Encapsulation efficiency of microcapsules for one herbicide of molar mass 221 g/ mol 
without and with interfacial polymerization, measured by HPLC.  
 
 It is noteworthy that encapsulation efficiencies well above 90 % for the same 
cargo were achieved by Abiola Shitta in our group using a similar double Pickering 
emulsification approach combined with double interfacial polymerization, that was 
inspired by the present study and further exploits the barrier properties of a retained oil 
phase as well as an optimized protocol for the interfacial polymerization. Abiola has also 
demonstrated that the composite character of such capsule shells is indeed beneficial for 
the encapsulation efficiency: particle-free capsules prepared from surfactant stabilized 
double emulsions of similar droplet structure, using the same double interfacial 
polymerization, were found to achieve significantly lower encapsulation efficiency than 
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their Pickering emulsion templated counterparts with particles in the polymer shell. To 
the best of our knowledge the present study was the first to implement interfacial 
polymerization at both interfaces of a double emulsion template and the first to produce 
capsules with two shells of a particle-polymer composite material10.  
 
  
Figure 6.12 Typical loading versus displacement curve of a composite microcapsule (45µm) 
 
 Mechanical properties of our composite microcapsules with a double shell 
composed of silica particles and polyurethane were probed with the nano-indenter. The 
measurement acquired loading force-displacement data as the indenter compressed the 
microcapsule (Fig. 6.12). The plotted curve represents the loading and unloading branch. 
As the loading force is applied, the indenter tip compresses the sample and produces a 
complex combination of elastic and plastic deformation. In the unloading part, the force 
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on the tip is released, and the elastic response of the material is detected. The slope  at 
the point of initial unloading is the “contact stiffness” and considered to reflect the elastic 
behavior of the sample. The unloading slope at the point of maximum load is given by16: 
 
	 	 	)                 
 
Where  is the reduced Young modulus and		 	) is the contact area between the 
indenter and the sample at . The hardness of material is defined by the equation: 
 
	       
 
Hardness can be interpreted as a mean pressure that the material can resist. 
 We expect that embedding inorganic particles to the polymer shell will offer 
microcapsules better mechanical properties. To support these arguments, we initially 
intended to compare the mechanical properties of these composite microcapsules to pure 
polyurethane microcapsules synthesized from surfactant stabilized double emulsions via 
the nano-indenter. However, unlike the composite microcapsules which still keep their 
spherical shape in the dry condition, the generated pure polyurethane microcapsules 
cannot withstand the osmosis pressure under drying and collapse, and cannot be 
measured under the nano-indenter. The survival of composite microcapsules under drying 






   
Figure 6.13 Reduced Young modulus (top) and hardness (bottom) versus size of composite 
microcapsules. Reference data (dash line) is average value for microcapsules whose shell consists of 
only polymers.   
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 To quantitatively assess the comparison between composite microcapsules and 
pure polymer capsules, we compared Er and hardness H of our composite microcapsules 
with the inclusion of silica particles in the shell, to microcapsules from one recent 
reference17, where their poly(urea-formaldehyde) microcapsules were also synthesized 
via emulsion based interfacial polymerization, but without silica particle included. The 
modulus Er and hardness H of our composite microcapsules whose shell consists of silica 
particles and polyurethane are shown in Fig. 6.13. The results show most of our tested 
composite microcapsules exhibit a higher Er and Hardness H than microcapsules with 
pure polymeric shell (dash line), and indicating embedding particles into the shell 
benefits the mechanical properties of microcapsules, as one might expect. 
 
6.4 Conclusions 
 The work in this chapter completed three tasks: we first successfully generated 
microcapsules from double Pickering emulsion with only silica particles via bulk 
emulsification; second, we presented the first example of combining multiple type of 
particles to develop pH responsive and sustained releasing microcapsules; third, we 
improved the encapsulation efficiency of obtained microcapsules for small molecules by 
adding a polymer “skin” to the shell via interfacial polymerization. The obtained 
knowledge in this chapter partially contributes to a project on developing composite 
microcapsules from double Pickering emulsions to control the release of herbicide for 
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CONCLUSIONS AND FUTURE OUTLOOK 
 
 Particle stabilized emulsions, also known as Pickering emulsions, have been 
known for more than a century. To date, Pickering emulsions have been widely used in 
many industry applications, such as food industry, oil recovery, cosmetic and household 
products. Recent research interest in Pickering emulsions has been renewed by their 
novel uses as templates to develop new materials such as microcapsules, microreactors, 
and MOFS. Though the potential applications of Pickering emulsions keep growing, our 
current fundamental understanding of Pickering emulsions is still limited, and often fails 
to offer good theoretical guidance for practical control of the stability of Pickering 
emulsions. The work in this thesis aims at improving our understanding of the 
mechanisms responsible for the stability of Pickering emulsions, and in particular to 
clarify the effects of particle charge. Since these effects can be significant and particle 
charge is ubiquitous in aqueous systems, we expect that relevant insights in this arena 
could have a significant impact on the application of Pickering emulsions and facilitate 
the rational design of new emulsion-based materials.   
 The stabilization of Pickering emulsions requires that particles adsorb to the oil-
water interface in the first place, but this should not be taken for granted. The possibility 
of electrostatic barriers to particle adsorption is widely acknowledged, but so far, 
theoretical descriptions of this barrier only focus on the electric double layer repulsion 
between a particle and a liked-charged oil water interface. Our work provides the first 
experimental hint that the additional, widely overlooked image charge repulsion can 
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hinder the adsorption of highly charged and weakly screened particles regardless of their 
sign of charge, and prevent the formation of Pickering emulsions.   
 Our theoretical estimate of the image force on water-borne particles near an oil-
water interface confirms that the image charge repulsion has the right order of magnitude, 
relative to the other forces known to act on the particle, to impede the particle adsorption 
and Pickering emulsification. With the image force included, our theoretical model 
prediction of the force barrier to particle adsorption under typical conditions of turbulent 
mixing, and the inferred expectation for the short term stability of emulsion droplets 
agrees well with our experimental observations. However, given the crude estimate used 
for the hydrodynamic force scale of turbulent mixing and our use of the superposition 
approximation with boundary conditions of constant charge and constant potential for the 
electrostatic interaction, our current theoretical model leaves much room for 
improvement. Future efforts will be made to achieve theoretical model with better 
accuracy via solving the full Poisson-Boltzmann equation with boundary conditions of 
charge-regulation1,2. In addition, our current calculation for the magnitude of image 
charge is based on the “method of image charge” with the boundary condition that the 
charge at the interface must be zero, which does not satisfy our real case where the oil-
water interface is negatively charged as discussed. The correct calculation of “image 
charge” with boundary conditions of a charged interface will be employed in future, and 
it will not only improve the accuracy of our model in the context of Pickering emulsions, 
but will be useful for models of ubiquitous cases where image charge exists across 
charged interfaces.  
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 After particles manage to adsorb to interfaces under sufficiently high mixing force 
or high screening (high salt), the particle contact angle will play an important role in 
influencing the stability and type of Pickering emulsions. Our experimental work shows 
that the equilibrium contact angle of particles at interfaces and the type of emulsions 
preferentially stabilized by these particles can be strongly affected by the particles’ 
charging state, which we attribute to a free energy contribution from the electric field set 
up by the charged particle and its asymmetric counterion cloud3. A very simplistic 
calculation considering only the dipole field as the leading contribution and treating the 
water phase as a perfect conductor, finds that the energy stored in the field is indeed 
strong enough and shows sufficient variation with the particle position to shift the 
equilibrium position significantly from where it would be based on interfacial tension 
alone. Only when assuming the existence or particle charges on the particle-oil interface 
did our model predict the field-induced shift in the particle position to have the 
experimentally observed direction: toward the water phase, effectively rendering the 
particles more hydrophilic. 
 Similarly, the assumption of particle charges on the oil side in our model for the 
self-energy of the dipole field also led to a qualitatively correct prediction of how the 
“hydrophilic shift” depends on the particle size (larger particles experiencing a larger 
shift toward the water phase). This agreement with measured particle contact angles lends 
further support both to the insight that the electric field around a charged particle in an oil 
water interface introduces a particle charge and size dependence to the particle’s contact 
angle, as well as the notion that surface charges can exist at the particle-oil interface 
(which has been championed by others6, but it still controversial7).  
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 For a fully predictive model, future theoretical studies should release the crude 
approximations made in our simplistic model, and numerically solve for the electrostatic 
potential everywhere inside and outside a charged particle in an oil-water interface. 
Calculating the complete electrostatic component of the particle’s free energy will yield a 
far more accurate prediction of the particle’s contact angle. In particular it will allow to 
predict the contact angle dependence on the ionic strength of the aqueous phase, which 
our toy model for perfectly conducting water obviously could not address. With the 
availability of trustworthy predictions for the effect of screening, a systematic 
experimental verification will be called for. Since the gel trapping method applied in the 
present study is not applicable to a wide range of salt concentrations (the available non-
adsorbing gels being incompatible with elevated salt concentrations), it will be necessary 
to employ alternative experimental techniques for the contact angle assessment, such as 
the freeze-fracture shadow-casting cryo-scanning electron microscopy4 championed by 
the Behrens group collaborator Lucio Isa at the ETH Zurich. 
 The applied part of this thesis work explored the potential of Pickering emulsions 
as templates for colloidosome microcapsules with controllable permeability, mechanical 
properties and response to environmental stimuli. The work presented the first example 
of combining both inorganic silica particles and stimulus responsive polymer particles to 
achieve targeted stimulus responsive microcapsules with sustained release profile from 
double Pickering emulsions. We first successfully prepared microcapsules from double 
Pickering emulsions with only silica particles via bulk emulsification; second, we 
presented the first example of  incorporating both silica particles and pH responsive 
particles into the microcapsule shell as a proof of principle for achieving pH responsive 
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and sustained releasing microcapsules; third, we further demonstrated the first double 
Pickering emulsion templated capsules in which interfacial polymerization was carried 
out at both emulsion interfaces, yielding a capsule with two composite shells, suitable for 
practical encapsulation of small molecules. The work partially contributes to a BASF 
sponsored project on developing composite microcapsules from double Pickering 
emulsions to control the release of herbicide for agriculture applications. We will also be 
looking for options to use the scheme developed in this thesis to prepare antimicrobial 
microcapsules with sustained release profile, and embed them into paper and packaging 
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